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An Automated Electro-Pneumatic Soil Sampling (EP) method based on 
pressurized air for real time soil analysis was developed and tested in laboratory conditions. 
Pressurized air was applied for 36 milliseconds across a 3 cm diameter cylinder to cut a soil 
column and convey soil along a delivery pipe into a container. An electro-pneumatic 
regulator valve was used to regulate the air pressure at 550, 690, and 830 kPa using an analog 
electrical signal. A two-position solenoid valve controlled by a stand-alone microprocessor 
was used to control pulse duration. The effects of air pressure level, soil moisture content, 
soil compaction, and soil type on the quantity of soil sample obtained were investigated. 
Moisture content and pressure level were found to be the most significant factors, while 
compaction was not significant in terms of mass of soil obtained. Laboratory test results 
showed that pressurized air was effective in cutting and transporting soil sample for all 
different soils and different soil conditions studied in the experiment. The electro-pneumatic 
method was also capable of obtaining a consistent amount of soil sample in a short time 
period (36 ms) with a coefficient of variation of less than 30 %. 
A shank as soil sampling arm was designed and constructed. The EP system was 
integrated with the prototype of soil sampling shank to develop a complete Real-Time 
Electro Pneumatic Soil Sampling System (REPS). The performance of the REPS system was 
tested during preliminary field tests, and performance was evaluated in a soil bin. The 
effects of traveling speed, soil moisture content, and pulse duration and pressure level on the 
amount of soil sample collected were investigated. All the factors in the experimental design 
were found to be highly significant (a=0.05) on the amount of soil sample obtained. The 
amount of sample were predicted with a high correlation coefficient (R2 = 86) for all 
different soil moisture content. The REPS could be a strong candidate for real-time soil 
sensing system. 
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CHAPTER 1. INTRODUCTION 
In the early part of the 20th century, scholars recognized the importance of variability 
in soil properties such as nutrient status and organic matter levels (Waynick and Sharp, 
1919), and were advising farmers to map soil acidity and vary application rates of lime 
accordingly (Linsley and Bauer, 1929). Although over the next 50 years researchers 
continued to report on soil and yield variability (James and Dow, 1972), the mechanization of 
agriculture and the trend to larger implements led agricultural production in the opposite 
direction, with larger and larger areas being treated as a single unit. Within the last few 
decades, technological advances and the pressure of environmental concerns have revitalized 
the idea of defining smaller management units based on the individual characteristics of 
those units. Today, low cost computers, real-time controllers, navigational systems and 
development in sensors have combined to provide the technology needed for site specific 
management (Aurenhammer et al., 1991). 
Nitrogen (N) fertilization is essential for optimum agricultural production. 
However, nitrates are very susceptible to leaching in some soil types if present in quantities 
larger than required by the growing crop. One significant source of environmental pollution 
is increased utilization of fertilizers to increase productivity. In addition, nitrogen fertilizer is 
a major production cost. Hence, the economic and environmental costs of N fertilization are 
more important than in the past, and they are likely to become even more important in the 
future. Therefore, there are compelling reasons for intensifying efforts to improve N 
management practices (Blackmer, 1992). Efficient nitrogen management, including more 
precise nitrogen recommendations, could help to minimize the contribution by agricultural to 
environmental problems. The success of site specific crop management depends on the 
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ability to accurately characterize the variability within fields. This characterization requires 
automated systems that will collect important soil, crop, and pest data. Nitrate ion selective 
field effect transistors (ISFETs) have shown promise as a convenient and fast method for on-
the-go soil nutrient measurements. The rapid response and low sample volumes requirement 
by the multi-sensor ISFET/FIA system make it a strong candidate for use in real time soil 
nitrate sensing (Birrell and Hummel, 2000). The automation of real time soil measurement 
based on ISFET sensors requires a rapid and precise soil sampling method. 
Therefore, a reliable and accurate automated soil sampling system must be developed 
for integration with the ISFET system. The current study, primarily concentrates on 
development of real-time electro-pneumatic soil sampler (REPS) for continuous soil nitrate 
measurement. The collection of a known mass of soil, to maintain a constant repeatable 
soil/extractant ratio, is critical to the success of the complete nitrate analysis system. This 
was the critical design criteria in the development of the real-time electro-pneumatic soil 
sampler (REPS). 
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CHAPTER 2. LITERATURE REVIEW 
Soil Sampling and Nitrogen Variability 
The primary purpose of soil sampling is to accurately represent the field from which a 
sample was collected (Cline, 1944). The conventional method of soil sampling has been to 
take cores from different parts of the field. Although the number of samples, size of the 
field, and sampling pattern varies from region to region, most soil sampling practices are 
based on similar methods. Normally, fives cores from each of the eleven different locations 
are collected in a predetermined pattern from a field that is considered homogenous 
(normally no more than 16 hectares) and mixed together. Then, eleven individual samples are 
taken from the mixed cores and analyzed. And then, the individual sample value are 
averaged to obtain a single nutrient level for the field, which is used to make fertilizer 
recommendations. The soil fertilizer recommendations are based on a single mean test level 
for each nutrient. However, obtaining a representative sample for an entire field is difficult 
because soil is not homogenous. 
Cline (1944) partially reviewed literature related to soil sampling and discussed some 
relevant aspects of the problems associated with soil sampling. In his discussion, it is stated 
that soil chemical properties may vary widely even in a field area that appears to be uniform. 
Stone (1994) outlined the main problems associated with soil sampling as follows: 1) 
obtaining the sample is labor intensive; 2) Samples must be handle with great care; 3) It is 
almost impossible to obtain a single value to represent an area of interest. 
Birrell (1995) stated that there are two sources of error in soil testing. The first one is 
laboratory error, which is the error of the analytical determination of the sample. The second 
one is the sampling error, which is the error due to natural variation of the soil in different 
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locations of the field. The sampling error is much greater than the analytical error. Robinson 
and Lloyd (1915) found that sampling error was up to three times the analytical error. 
The importance of the within field variability of soil nutrient levels in soil has been 
recognized for many years, in fact since soil sampling was developed. The nitrogen 
concentration in most cropped lands varies considerably within a field. Several authors have 
studied both the spatial and temporal variances of soil nitrates. Waynick and Sharp (1919) 
reported on the spatial variability of soil properties such as organic matter and nutrient status. 
A study by Lockman and Storer (1990) covering several states showed that nitrate levels 
varied from 2 to 83 ppm nitrate nitrogen at one site. Meirvenne and Hofman (1989) tested a 
1 ha potato field in East-Flanders Belgium, to determine the number of samples required for 
precise estimation of nutrient level during the winter months. They sampled 247 different 
locations in a 1 ha area on a 5 m grid on October 12th, February 17th, and April 1st (between 
harvesting and first fertilization of the newly planted potato crop). Nitrogen fertilizer was 
not applied during the five month test period. Samples were composed of three random 
borings to 1-m depth each (within a one-meter square centered on a 5-m grid sampling 
point). To minimize crop damage, they sampled only 50 locations during the April test. 
They observed large spatial variances in soil nitrate concentration due to uneven distribution 
of fertilizers applied before October. The spatial variability was smallest in April. Under the 
assumption of independent observations, 39, 43, and 17 samples would have been necessary 
to accurately (within 95 % probability and 10 % degree of precision) predict the mean nitrate 
concentration of the 1 ha area during dates of October 12th, February 17th, and April 1st, 
respectively. 
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Tabor et al (1984) analyzed nitrate concentrations in irrigated cotton. In their study, 
49 sites (each on a 2 m by 2 m grid randomly chosen) in a 360m by 360 m plot were chosen 
for sampling. A recent study by Cahn et al. (1994) showed that spatial correlation distance of 
soil nitrate is very low. They tested relatively uniform maize and soybean-cropped fields in a 
Midwestern Corn Belt State. They found that spatial patterns of nitrate changed with time, 
and that nitrate had a spatial correlation of less than 5 m. They also reported that reducing 
the sampling space from 50 to 1 m reduced the variance of soil nitrate by 25% but reducing 
the sampling space from 50 to 34 m did not reduce the variance at all. 
The number of samples required to obtain the mean fertility level within certain 
confidence levels has been determined by different researchers (Waynick, 1918; Rigney and 
Reed, 1945; Hammond et al., 1958; James and Dow, 1972; Grieve et al., 1984). The number 
of samples ranges from 5 to 1331 samples per field. However, the values are for very small 
fields ranging from 0.01 to 14.2 ha. The number of samples is too large for present sampling 
methods. Beckett et al (1971) stated that up to half of the variance in a field may be present 
within a few square meters. Although most researchers reported that sampling frequency 
should be between lm and 5 m, as many samples as possible are needed to obtain more 
accurate test results for soil nitrates. 
Site-specific crop management practices are a logical way to address this variability 
and in fact are becoming more popular as the technologies that support them become more 
affordable. Hence, automated sampling methods must be developed to achieve the necessary 
sampling intensity for accurate characterization of the spatial and temporal variability of 
important production parameters. 
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Sensing Soil Properties for Site-Specific Management 
Site-specific soil and crop management also is known as precision farming. It implies 
the concept of using information about variability in site and climatic characteristics to 
manage specific sites within a field with best practices. A successful precision farming 
management system is one in which the key limitations to optimum profitability and 
environmental protection can be identified, characterized, and managed at the appropriate 
locations and times (Mulla, 1997). Sudduth et al. (1996) reviewed sensors for site-specific 
management. They stated that sensor technology lags behind the other enabling technologies 
necessary for site-specific management, positioning by the global positioning system (GPS), 
spatial mapping and analysis with geographic information system (GIS), and variable-rate 
control system for fertilizer, herbicides, and seeding. Currently, the focus of commercial 
implementation of SSM is on yield mapping with yield monitors already commercially 
available. In contrast, automated soil nutrient sensors are still in the development stages. 
Soil nitrate measurement is an important concept to optimize agricultural production 
and to decrease environmental impact due to excessive fertilization. Therefore, development 
of sensors to determine variability within a field is important for precision agriculture. 
Automated soil sensing systems can provide higher sampling intensities than traditional 
methods and can tolerate much higher analysis errors while providing greater overall 
accuracy in mapping soil variability. The cost of soil nutrient sampling can also be decreased 
with the automated systems. These sensing systems would allow researchers to more 
efficiently collect the necessary quantities of data, to understand the underlying process 
involved in the spatial interaction between soil nutrients and crop growth, and would provide 
a valuable tool for fundamental soil fertility research. 
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Therefore, several different methods to measure soil properties have been studied by 
scientists during the last two decades. Researchers have studied spectral reflectance methods 
and correlated soil properties with both visible and near infrared (NIR) reflectance data 
(Dalai and Henry, 1986; Krishnan et al., 1980; Gaultney et al., 1989; Gunsaulis et al., 1991; 
Henderson et al., 1989). 
Dalai and Henry (1986) found that NIR reflectance in the range of 1000 to 2500 nm 
range is useful in determining soil moisture, organic carbon, and nitrogen. They measured 
total N in soils with some success (R2 >0.92) by using NIR. However, the prediction was 
very poor for lower nitrate concentrations and total N prediction was not possible for a wide 
range of soil colors. They reported that wavelengths corresponding to 1702, 1870 and, 2052 
nm were useful in determining soil nitrogen. Sudduth and Hummel (1991) studied 
reflectance methods for soil organic matter sensing. They found good correlation (R2 = 
0.91), and standard error of prediction (SEP=0.34% SOM) with respect to soil organic matter 
by using as few as 12 NIR reflectance data points in the range from 1720 to 2380 nm. They 
reported that visible reflectance data were weak predictors of soil organic matter content. 
Sudduth et al. (1990) investigated the effect of geographic range on the accuracy of 
soil property estimation by NIR reflectance. They reported that the accuracy of prediction of 
organic carbon, CEC, and soil moisture decreased as soil samples from a wider geographic 
range were considered. Sudduth et al (1993) designed a portable near-infrared 
spectrophotometer for rapid estimation of soil organic matter as a control input for variable 
rate herbicide application. This sensor was able to predict soil organic matter (R2=0.89, SEP= 
0.40 % SOM) with 30 representative Illinois soils. They also reported that the cation 
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exchange capacity (CEC) and soil moisture content of the test set of 30 Illinois soils were 
estimated successfully. 
Upadhyaya et al. (1994) investigated the feasibility of determining soil mineral-N 
using NIR absorbance data in the 1000 to 2400 nm range. They used Yolo loam soil samples 
enriched with mineral-N derived from ammonium sulfate, ammonium nitrate, and calcium 
nitrate. The study used both partial least squares regression (PLS) and Fast Fourier (FFT) 
techniques to analyze the data. They reported that NIR absorbance data could be used to 
predict the amount of soil mineral-N in the soil samples if the correlation was blocked by 
moisture content (air dry, 10%, 15%) and nitrate source. The reported standard prediction 
error was too high for row crop nitrate sensing. 
Real time nitrate sensing systems 
Colburn (1986) built a prototype device, which used soil slurry electrical resistivity to 
determine N03-N concentration. Based on this prototype, Crop Technology (Houston, TX) 
developed a variable N application system and marketed the system. However, there is no 
information on the operating principle and no data available on the field operation of this 
system. 
McGrath and Skotnikov (1996) developed an integrated system for determining 
optimum site-specific fertilizer application. Their system consisted of a soil sampler, a 
sample preparation unit, a laboratory workstation for soil analysis, and an expert software 
system to convert the soil analysis and supporting data into a fertilizer application program. 
The sampler collected samples automatically across the field and packaged them in plastic 
bags that were connected to form a long band. The automated laboratory workstation set up 
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near the field to analyze samples. The initial set-up of the automated workstation required 90 
minutes and then samples could be analyzed at a rate of 1 sample per minute. The analysis 
results were then entered into an expert system to determine fertilizer recommendations. 
However, this system seems complicated and time consuming since soil sampling and 
analysis are done independently. 
Holmes et al. (1998) developed an automated soil core sampler and computer-
controlled soil physical properties measurement system, for monitoring soil compaction. 
Sample weight, volume, airflow rate and pressure drop were measured on small core samples 
to give values for soil bulk density, soil porosity and air permeability. The system also 
performed cone penetration tests, recorded the data and plotted the physical properties with 
respect to depth. 
Adsett and Zoerb (1991) developed a real time nitrate sensing system. Their system 
consists of a soil sampler, a device to collect soil samples, a mixing system to mix and 
extract a soil solution, and a data and control system to evaluate the nitrates in solution. Ion 
selective electrodes were used for nitrate measurement. They adopted the slot-cutter concept, 
using a conventional chain saw bar and heavy-duty chain for soil sampling. A U-shaped 
metal trough encased the lower side of the chain saw bar to ensure that the soil sample was 
conveyed to a point higher than the ground. The soil was separated from the chain and bar 
by gravity at the upper end of the trough. The soil dropped into one of several large cups 
mounted on a turntable. The cup was rotated to a "liquidation and extraction" site which 
included a spray nozzle. The nozzle sprayed the extraction solution over the soil sample. A 
200-mesh screen was used in the bottom of the cup to filter solution from the sample. The 
extraction solution was applied at 300 kPa of pressure while bottom of the cup received 457 
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mm Hg of vacuum. They reported that the soil sampler, the flow cell, and the electronic unit 
components of the systems were successful but the soil extraction unit was not. In field tests, 
the sampling component, which used a slot cutter to collect soil from the ground, was 
capable of delivering a soil sample within three seconds. However, the system did not 
produce repeatable results, and only 40% of the nitrate readings were correct. The mixing 
and filtration system required improvement. The extraction system performance was 
affected by soil consistency, which varied with soil type, relative speed, compaction, and soil 
moisture content. They concluded that ion-selective electrode technology is adaptable to 
automated field monitoring of soil nitrate levels. 
Thottan et al. (1994) conducted additional research using an ion selective electrode to 
measure nitrates for an automated soil nitrate measurement system to improve the mixing 
and extraction phases. They constructed a system where an ion selective electrode was 
immersed in magnetically stirred de-ionized water until a constant reading was observed then 
subjected to a clay loam soil sample input. Measurements were recorded on how long the 
system took to indicate a final nitrate reading of the soil sample. Normalizing the response 
of the electrode for time showed that 80 % of the final concentration was consistently 
indicated within 12 s, 40% within 6 s and 10% within 4 s, which they felt was within the time 
constraints required for rapid in- field measurements. They concluded that an ion selective 
electrode was suitable for in situ measurement of soil nitrate. 
Adsett and Thotton (1999) built and tested an automated, on-the-go, soil nitrate 
monitoring system (NMS). The system consisted of a soil sampler which collected a 
representative soil sample at regular intervals, a soil metering and conveying unit which 
metered a known amount of soil into an extraction unit, a nitrate extraction unit, which 
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extracted the soil nitrate using deionized water, and analyzed for nitrate using an Orion 
nitrate ion selective electrode (ISE), and an electronic control unit that measured nitrate 
concentration and provided the control signals to operate the system. The soil sampler 
employed a wood-saw blade powered by a hydraulic motor. They controlled the overall 
operation by using a Micromint BCC52 computer. They reported that a field calibration 
process was used to enable prediction of soil nitrate levels within 10 s after soil sampling. 
Based on laboratory tests, nitrate level could be predicted with 95% accuracy after 6 s of 
measurement for a silty clay loam soil. They concluded that overall laboratory performance 
of the NMS was very satisfactory; however, more work need to be done before using the 
system in the field. 
Adamchuk et al. (1998) developed a system for rapidly measuring soil nitrate 
nitrogen and pH for use in precision farming applications. The system consisted of a rolling 
core sampler and a computer-controlled, automated analysis station all mounted on a toolbar 
pulled behind a tractor. The analysis system measured nitrate nitrogen and pH using ion-
specific field-effect-transistors (ISFETs) and was connected with a GPS receiver in order to 
record the position of each sample. They reported that the system is successful for measuring 
soil pH while taking soil samples at depth of 10 cm every 8 seconds. 
Birrell (1995) developed and tested a prototype automated soil extraction system. He 
reported that the time between the beginning of soil metering process and soil leaving the 
filtration stage was 1.3 s, and analysis was completed 2.5 s after the soil sample was taken. 
He stated that extraction system did not provide a consistent soil sample and predicted 
concentrations were lower than actual soil nitrate level. He concluded that the results were 
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encouraging and warranted further development although the automated extraction procedure 
was not successful. 
Birrell and Hummel (2001) investigated the use of ion-selective field-effect 
transistors (ISFETs) in conjunction with flow injection analysis (FIA) for use as a system for 
real-time soil nitrate sensing. The flow rates used were 0.04-0.19 mis"1 with injection time 
between 0.25-2s, and washout times of 0.75-2 s. They reported that the multi-ISFET/FIA 
system was successfully measuring soil nitrate in manually extracted soil extracts (R2>0.9) 
using a washout time 0.5s and a 0.75s injection time. However, a prototype automated soil 
extractant system was not successful and required considerable improvement. 
Price (2000) developed a soil extraction system in order to investigate the effect of 
several variables (soil type, soil moisture content, sample compaction level, sample nitrate 
level, core diameter, core length, and extraction solution flow rate) on the nitrate extraction 
time from the soil samples. He reported that all the variables involved in the experimental 
design had a highly significant effect on the nitrate extraction time. Based on his results, he 
stated that a priori knowledge of soil type might be necessary for the IFSET technology to 
make accurate real-time measurements of soil nitrate-N. He recommended that future tests 
should include increased levels of soil textures and nitrate variables. 
Wild et al. (2002) developed a mobile system based on four components for nitrate 
measurement. The soil sampling component, based on an auger with a diameter of 16 mm, 
obtained one sample in 30 s from the 60 cm sampling depth. All other components; namely, a 
dosing apparatus, a preparation station, a filtration unit and a field testing kit could be 
transported in a van to the area where the sampling took place. After obtaining the soil 
sample, it was transported to the van for analysis. They reported that analysis results were 
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available in a shorter time and error was reduced with the mobile system for nitrate 
measurement in the field. 
Most of the real time soil analyses systems discussed so far did not supply accurate 
results in field tests, due to a lack of an appropriate soil sampling system. Real time soil 
nitrate measurement requires a rapid soil sampling system that can obtain a consistent soil 
sample and transport the sample to an extraction unit. 
Soil Sampler 
Several soil samplers have been developed by scientists to study not only soil 
properties, such as bulk density, porosity, nutrient content, water content, and organic matter 
content, but also other phenomena such as rooting characteristics of a soil profile, and soil 
classification. The samplers were either hand operated or powered by a mechanical energy 
source. Although many different soil collection methods for various soil conditions have 
been developed, most soil samplers are based on a soil coring tube (Powel, 1926; Veihmeyer, 
1929; Harper, 1935; Kelley et al., 1948; Wells, 1959; Raper and Erbach, 1988, Buchele, 
1961; Bausch 1977; Walker et al. 1976; Pradhan and Patnaik, 1979; Karahashi et al., 1987; 
Jackson, 1987). 
Price (2000) grouped soil samplers into three categories as follow: 
1. Probe soil samplers: Include tube-type corers and vertical augers. 
2. Tined soil samplers: Include the slot inlet and associated designs. 
3. Rotating soil samplers: Include double and single disk cutter, and slot cutter. 
The basic principle of a soil sampling operation is inserting a tube into the soil and 
withdrawing it to the surface retaining an intact core. Several different insertion methods to 
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force the tube into the soil have been developed including: manual insertion, hammering by 
weights, hydraulic and other insertion methods. Several authors have also developed tubes 
containing an auger. By screwing the tube, not only could the soil coring depth be increased 
but also made easier (Buchele, 1961; Powel, 1926; Wells, 1959; Flynt et al., 1971; 
Schickedanz et al., 1973; Raper and Erbach, 1988). These samplers, based on a soil coring 
tube, have also been developed for agricultural tractors, motor graders, and pickup trucks 
(Wells, 1959; Burnett, 1961; Schickedanz et al., 1973; Dyck and McLaughlin 1976; 
Robertson et al. 1974; Smith et al., 1981; Chandler and Savage 1978; Srivastava et al., 1982; 
Vaughan et al., 1984). 
Wells (1959) reported that the auger type soil sampler they had developed was not 
suitable for soil containing large quantities of soft powdery carbonate due to movement of 
material away from the mouth of the trimming ring before it was sampled. Walker et al. 
(1976) developed a soil sampler capable of taking a soil core 15.2 cm long which could be 
divided into sub samples 2.54 cm or shorter. They reported that the sampler had advantages 
such as speed and accuracy in contrast to other soil sampling tubes. Pradhan and Patnaik 
(1979) developed a hand operated tube type soil sampler suitable for wet soil conditions. 
They reported that the soil sampler was able to collect flooded soils from varying depths with 
a minimum disturbance of the surrounding soil environment. 
Flynt et al. (1971) constructed an auger type soil sampler powered by 5 HP, 4-cycle 
gasoline engine for moisture and pesticide residue determination. The sampler consisted of a 
commercially constructed worm gear driven auger mounted in a 3.7-m. tall vertical frame. 
They stated that depth; speed, accuracy, and ease of sample retrieval were increased, 
compared to manual sampling. Karahashi et al. (1987) developed a motor-driven portable 
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core-sampling device powered by a 60 W AC electric motor. The device was able to take 
cores to a depth of 60 cm, but could not be used in stony soils. Schickedanz et al. (1973) 
developed a tractor mounted hydraulically operated soil sampler for rapid soil coring. They 
reported that the soil sampler had the advantages of speed, mobility, and safety over currently 
available models. 
Smith et al. (1981) designed, constructed and tested a three-wheeled, self-propelled 
soil sampler to obtain soil cores. They modified a three-wheeled vehicle that had an 18 HP 
engine, a three-speed plus reverse transmission and an additional hydraulic pump mounted 
on the vehicle. They reported that the average time required per sample when traveling 91.4 
m between sampling sites was 3.5-3.9 min per sample when 1 or 3 people were employed to 
separate samples. They found the equipment could successfully operate in both wet and dry 
fields. 
Chandler et al. (1978) constructed a hydraulic soil-coring machine to obtain samples 
for herbicide residue studies in cotton and soybean field plots throughout the growing season. 
The device was mounted on the three-point hitch of a tractor and utilized a conventional 
hydraulic cylinder for taking the soil core. The sampling unit moved laterally on a rigid 
frame, allowing collection of samples at any point up to 75 cm from the centerline of the 
tractor. Samples could be taken to a depth of 50 cm in 5-cm increments. They emphasized 
that the simplicity of design and economical construction made this an excellent research tool 
for obtaining soil cores in row crops. 
Srivastava et al. (1982) developed a mechanical sampler to rapidly extract large 
undisturbed soil samples. The sampling system consisted of a rectangular outer frame and a 
lightweight inner liner to contain the sample. They reported that the sampler they developed 
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was effective and efficient for taking a large number of samples. They also stated that the 
new mechanical sampler caused less disturbance and compression of soil samples compared 
to a conventional core sampler. Work rates were also reported to be up to eight times faster 
than with hand sampling. 
Raper and Erbach (1988) modeled soil deformation by employing a finite element 
program (FE) to determine how to minimize compaction of soil core samples used for bulk 
density measurements. They simulated an augur and a manual soil core sampler by this 
method. The soil was modeled as a nonlinear plastic material with a certain sliding 
resistance on the metal sampler surface. Laboratory tests were conducted to verify the FE 
results. They concluded that the FE method reasonably modeled the sampling process except 
in cases of excessive soil shear. They also stated their study's results indicated that an auger 
soil sampler minimized disturbance of the soil sample. 
Sharma et al. (1988) designed a sampler for collecting undisturbed soil root-cores for 
root studies. They reported that the apparatus was simple, low-cost, time-efficient and had 
low frictional resistance between soil and sampler. During core sampling it was found that 
soil compaction increased with moisture content reaching a maximum near field capacity. 
Manor et al. (1990) designed and field-tested a soil core sampler capable of extracting 150 
mm (diam) x 600 mm (length) cylindrical cores. The sampler consisted of a rotating exterior 
tube fitted with auger flights and a nonrotating interior PVC tube both of which advanced 
downward, collecting the sample within the PVC tube. The unit was equipped with a 
hydraulic motor to rotate the external auger. A hand-operated cutting device cut the sample at 
the base and was developed for lifting the sample to the surface following sampler insertion. 
They reported that the sampler changed bulk density values by 4% in soil conditions ranging 
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from harrowed clay loams to firm sandy sods with pebbles. Baarstad et al. (1992) described 
the construction of a hydraulic soil sampler based on attaching a Giddings probe to the end of 
a hydraulic knuckle boom. They found that the design allowed soil cores to be removed from 
small field plots with little damage to the crop or soil at the sample site. 
Janssen et al. (1998) constructed a soil sampler capable of hydraulically coring, 
extracting, and sectioning rectangular columns of soil that was attached to a tractor's three-
point hitch and operated using the tractor's hydraulic system. Their goal was to facilitate the 
transect sampling of phosphate in banded and other non-uniform phosphate fertilized soils. 
The sampler consisted of a primary and secondary frame, two hydraulic cylinders, a 
rectangular-shaped box corer, and a grid divider with press plate. They reported that the soil 
sampler performed well with silt loam, clay-pan soils. 
Sudduth (1989) reported on an automatic core sampler that operated on a moving 
vehicle. The sampler is similar to hand operated tubes and consisted of a coring tube with a 
hydraulic cylinder for ramming the tube into the soil. A spring was attached to the tube and 
vehicle in order that the tube could be pivot away from the vehicle and allow for continuous 
sampling. During soil sampling, the newer cores pushed the older cores up until they fell out 
of the top of the tube. He stated that the sampler worked well in some soils; however it did 
not work in other soil types where incomplete cores were obtained. 
Davis (1981) invented an automated soil sampler that was hydraulically inserted into 
the soil. The core sampling tube was rotated by the mechanism into a vertical position, and 
forced into the soil and then withdrawn when the desired depth was reached. Then it rotated 
to align with a horizontally fixed ram. The soil was then pushed out of the core sampler into 
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the container using the ram. This mechanism could be mounted on different types of 
vehicles. 
Boland et al. (1994) designed and constructed a soil sampler that operated well in dry 
soil conditions (hard-setting soil). Their sampler comprised a rotating blade unlike traditional 
samplers that use a tube. They reported that, it was difficult to penetrate in soil with a 
traditional sampler due to hard-setting soils. They also stated the major source of error for 
soil phosphorus testing in Western Australia is collecting too few soil samples at a shallow 
depth. 
The tube type core samplers discussed above to remove undisturbed and individual 
core samples, generally require large forces to penetrate in soil. Due to this requirement, 
their sampling rate is slow and they are only convenient to obtain samples to a certain depth. 
Therefore, the time requirement to take large diameter core samples was one of the main 
limitations preventing scientists taking high numbers of samples. They need to dig a 
relatively big hole in order to take the soil sample, which makes sampling difficult and 
disturbs the field. Tube type coring samplers are static samplers and not suitable for dynamic 
sampling. Vertical augers are similar to coring tubes except an auger is used to convey the 
soil sample to the surface (Sneath et al., 1992, Shapiro and Kranz, 1992, Wild et al., 2002). 
Since the system is fully mechanized, no handling of the soil sample is required. The vehicle 
can stop quickly, take the sample, and than move to the next sampling site. Auger samplers 
can be operated at various depths with lower power requirements. These samplers can also 
obtain accurate soil volume measurement because the core is taken intact. However, highly 
cohesive soils including wet clays may not part readily from the auger and soils with large 
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stones below the surface could lead to excessive damage to the machine (Sneath et al., 1989). 
These types of samplers are not suitable for continuous soil sampling. 
Soil samplers discussed so far are not suitable for continuous sampling. Johnson 
(1981) invented a continuous soil sampler based on a tine that rotated to engage the soil 
surface and continuously scraped the soil surface, collecting the soil in the internal slots. The 
sampler consisted of a hydraulic ram, a tine, baffles (initial catch bins), a secondary 
compartment, and a primary compartment (storage unit). To collect soil, the sampling device 
was forced into the sampling position by retracting a hydraulic ram. The tine then gouged 
out soil, which was thrown through an aperture above the tine and fell between baffles. The 
hydraulic ram was then extended, tipping the soil into the secondary compartment. When the 
hydraulic ram was retracted again to collect the next sample, the first sample fell from the 
secondary compartment into the storage unit. When sufficient soil had been collected it was 
transported into a bucket. This system basically operated as a discreet sampler since samples 
were not collected while the tine rotated up for unloading. It is unlikely that this soil sampler 
would work in clay soils, which are either wet or sticky, or dry and hard (Sneath et al., 1989). 
Another tine sampler invented by Behringer (1982) had a conveyer system housed in 
an internal cavity, which continuously cut through the soil. A back plate mounted behind the 
tine and slightly wider than the tine, moved the soil into an internal cavity. The conveyor 
transported the soil sample to the top of the device where the samples were collected for 
analysis. The sampling depth (0-90 cm) was controlled by moving the sampling plate, or 
adjusting the tine for different depths. It was also possible to estimate sample volume by 
monitoring the amount of soil conveyed by the conveyor. However, this device also may not 
be suitable for some soil conditions, particularly clay soils. 
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Rotating soil samplers are suitable for real-time soil sampling. Sneath et al. (1989) 
described a slotted single disk cutter system where a horizontally-mounted disk was driven 
into the ground and then rotated to obtain samples. A slot in the disk caught the soil sample, 
which was removed later for analysis. This system could be modified for continuous 
sampling. Sneath et al. (1989) outlined a double disk cutter system which was contained 
within two disk openers running side by side to open a slot of several centimeters width in 
the soil. A horizontal ramp with a sharpened edge was placed between the disks at an angle 
to the soil surface. When the sampler was drawn forward, continuous slices of soil were 
elevated over the ramp and then returned to the ground. A plunger system cut a portion of 
the soil slice at certain intervals. The system could sample soil at a depth of 30 cm below the 
surface. 
Slot cutters employ a moving wheel or a chain that is used to cut a slot in the ground. 
Adsett and Zoerb (1991) tested a slot-cutter sampler based on a chain saw, in combination 
with a real- time nitrate sensing system. The sampler was capable of delivering a soil sample 
in three seconds. The consistency of the sample varied with soil type, forward speed, soil 
compaction, and moisture content. In some tests, the soil being conveyed was not 
completely released from the teeth of the slot cutter chain. Adamchuk et al. ( 1998) reported 
on the development of an automated soil sampling system for rapid determination of soil pH. 
The system consisted of a lever situated below a soil tine, which collected soil and then 
rotated to press the soil slurry against the surface of a pH electrode. They reported that the 
automated soil sampling system did not supply accurate results when compared to standard 
methods for analysis of soil acidity. 
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Price (2000) reported that rotating samplers are suitable for dynamic sampling. The 
most common rotating samplers are the double disk cutter, the single disk cutter, and the slot 
cutter. He reported that the volume and consistency of the soil sample delivered from the 
slot cutter varied with soil type, compaction, and moisture content. In sandy loam soils, a 
flour-like consistency was produced, while in compacted sandy loams a flat soil chip was 
formed. In clay loam soils, a pellet-like cylinder was formed. In a few tests, some of the soil 
being conveyed was not released from the teeth of the slot cutter chain. 
Most soil samplers used in conjunction with soil analysis systems were mechanical 
soil samplers. There was no reported mechanical sampler that could obtain and transport a 
consistent soil sample in field at different soil type and conditions. A Real time soil nitrate 
measurement requires a rapid soil sampling system that can obtain a consistent soil sample 
and transport the sample to an extraction unit. There was no reported real time soil analysis 
system that can supply accurate results in field tests, due to a lack of an appropriate soil 
sampling system. A real time soil analysis system which employs the electro-pneumatic 
sampling method could improve sampling procedures in field applications. 
Rationale 
Site-specific management (SSM) is a management strategy, which seeks to address 
within-field variability and to optimize input such as fertilizers and pesticides on a point-by-
point basis within a field and not according to the field average. However, the full benefit of 
SSM will only be realized if the spatial variation across the field is accurately determined. 
This often requires data collection on a finer spatial resolution than is feasible with manual 
and/or laboratory methods due to prohibitive cost. Sensors will allow the collection of data 
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on a much finer spatial resolution in order to more accurately characterize within field 
variability. 
With traditional soil testing, analysis error is relatively low; however, sampling error 
can be substantial since costs limit the sampling intensity. There is an ongoing need to 
develop automated systems to decrease the cost of soil nutrient sampling and improve the 
accuracy of soil nutrient maps. Real-time sensors can provide a sampling intensity several 
orders of magnitude greater than traditional methods and can tolerate much higher analysis 
errors while providing greater overall accuracy in mapping soil variability. Current real-time 
nutrient sensor development has concentrated on N sensors due to the economic importance 
of N fertilizers and potential environmental problems associated with excessive N03-N 
(Sudduth et al. 1995). 
Nitrate measurements made in the field during fertilization would ensure that only the 
amount needed by the plants is applied. This requires an automated method for nitrate 
measurement to employ variable rate application of fertilizers. Nitrate ion selective field 
effect transistors (ISFETs) technology promises a convenient and fast method for on-the go 
soil nitrate measurement. Birrell and Hummel (1997) investigated the use of ion-selective 
field-effect transistors (ISFETs) and flow injection analysis (FIA) for use as a system for 
real-time soil nitrate sensing. They reported that the multi-ISFETs/FIA system was 
successful in measuring soil nitrate in manually extracted soil extracts (r2>0.9); however, the 
automated extraction procedure was not successful. 
An automated soil sampler must meet certain criteria for successful real-time soil 
analysis. First, the sampler must be able to collect a known consistent sample mass or 
volume of soil at a known depth. Secondly, the sampler should be able to obtain a sample 
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within 1 to 2 seconds. The sampling period should be small to minimize the time lag 
between obtaining a soil sample and determination of the final measurement result. Finally, 
the sampler should be able to operate in different soil types and conditions (soil moisture 
content, compaction level) and provide continuous sampling. 
The mechanical soil samplers discussed either operated in quasi-static or dynamic 
mode and were generally unsuitable for continuous soil sampling due to problems related to 
soil conditions and/or the complexity of the sampling mechanisms and sampling speed 
restrictions. The interaction between the soil and sampler devices caused several problems, 
including inconsistency of soil sample flow and clogging of soil within the sampling unit. In 
addition, no research was reported investigating the effect of soil type and different moisture 
and compaction level, on performance on the accuracy and precision of the mass of the 
sample collected by the samplers. Therefore, there is tremendous need to develop a soil 
sampling system which can operate in various soil types and conditions, to automate real­
time soil analysis. Likewise, the effect of different soil type, and conditions, particularly 
moisture content has to be investigated for the successful application of real-time soil 
analysis systems. A Real-Time Electro-Pneumatic Soil Sampler based on pressurized air in 
order to obtain and transport consistent soil sample could be an alternative to present soil 
sampling methods for on-the go soil analysis. 
Scope of Research 
This study's major components involved: (1) general introduction (2) developing an 
Automated Electro-pneumatic Soil Sampling (EP) System in laboratory set up and 
investigates the feasibility of the EP system for broad range of moisture content, compaction 
24 
level and soil types at various pressure levels, (3) develop a Real-Time Electro-Pneumatic 
Soil Sampler (REPS) and investigate the feasibility of the REPS under dynamic conditions at 
different moisture content and travel speeds for different pressure and pulse duration. 
Research Objectives 
The present work focuses on the development a Real-Time Electro-Pneumatic Soil 
Sampler (REPS) for sample collection for real time soil analysis and to prove that REPS 
would work successfully under dynamic conditions. With the REPS, soil is cut and 
transported by a high pressure air pulse through a tube placed within a tine, to convey the soil 
vertically from a specified depth. The sample mass obtained can also be adjusted by varying 
one of several operational parameters including air pulse duration and pressure. 
The specific objectives were: 
1. Develop an automated electro-pneumatic (EP) soil sampling system and investigate 
the effectiveness of air pressure as a cutting force through a soil column. 
2. Determine the effects of air pressure, soil moisture content, soil compaction level, and 
soil type on the quantity of soil sample obtained. 
3. Design and construct a prototype of the sampling shank and integrate it to the EP 
system to develop complete REPS. 
4. Investigate the effect of travel speed, soil moisture content, pulse duration, and 
applied air pressure on sample mass and sampling accuracy. 
25 
Dissertation Organization 
This dissertation comprises a general introduction, and two papers, corresponding to 
the 4 research objectives. The first paper entitled "Investigation of an Automated Electro-
Pneumatic System for Real Time Soil sampling" will be submitted to the Transactions of the 
American Society of Agricultural Engineers (ASAE). The second paper entitled 
"Development of a Real-Time Electro-Pneumatic Soil Sampler" will be submitted to the 
Transactions of the ASAE. Both papers have an abstract, introduction, material and 
methods, results and discussion, conclusion and references. These papers are followed by a 
general summary and recommendations for the entire research. 
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CHAPTER 3. LABORATORY EVALUATION OF AN 
ELECTRO-PNEUMATIC SAMPLING METHOD FOR REAL­
TIME SOIL SENSING 
A paper will be submitted to the Transactions of the American Society of Agricultural 
Engineers (ASAE) 
S. Yildirim, S.J. Birrell, J.W. Hummel 
ABSTRACT 
An automated electro-pneumatic soil sampling method based on pressurized air for 
real-time soil analysis was developed and tested under laboratory conditions. Pressurized air 
was applied for 36 ms across a 3 cm diameter cylinder to cut a sample from a soil column 
and convey the sample along a delivery pipe into a container. An electro-pneumatic 
regulator valve was used to regulate the air pressure at 550, 690, and 830 kPa (80, 100, and 
120 psi) using an analog electrical signal. A two-position solenoid valve controlled by a 
stand-alone microprocessor was used to control pulse duration. Laboratory tests were 
conducted to determine effectiveness of positive high pressure as a cutting force for different 
soil conditions. The effects of air pressure level, soil moisture content, soil compaction, and 
soil type on the quantity of soil sample obtained were investigated. Moisture content and 
pressure level were the most significant factors (5 % level), while compaction was not 
significant in terms of mass of soil obtained. Laboratory test results proved that pressurized 
air was effective in cutting and transporting a soil sample in a short time period (36 ms) for 
all different soils studied in this experiment. The electro-pneumatic method was also capable 
of obtaining a consistent amount of soil sample with a coefficient of variation of less than 30 
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% for all treatments in the experimental design. The electro-pneumatic soil sampling method 
is a viable candidate as a soil sampling system for continuous soil analysis. 
Keywords: Soil sampling, real-time soil sampler, soil sensing, precision agriculture 
Introduction 
In the early part of the 20th century, scholars recognized the importance of variability 
in soil properties such as nutrient status and organic matter levels (Waynick and Sharp, 
1919), and were advising farmers to map soil acidity and vary application rates of lime 
accordingly (Linsley and Bauer, 1929). Although over the next 50 years researchers 
continued to report on soil and yield variability (James and Dow, 1972), the mechanization of 
agriculture and the trend to larger implements led agricultural production in the opposite 
direction, with larger and larger areas being treated as a single unit. Within the last few 
decades, technological advances and the pressure of environmental concerns have revitalized 
the idea of defining smaller management units based on the individual characteristics of 
those units. Today, low-cost computers, real-time controllers, navigational systems, and 
developments in sensors have combined to provide the technology to make site-specific 
management a reality (Aurenhammer et al., 1991). 
However, the success of site-specific crop management depends on the ability to 
accurately characterize variability within fields. This characterization requires automated 
systems that will collect important soil, crop, and pest data. Nitrate ion selective field effect 
transistors (ISFETs) have shown promise as a convenient and fast method for on-the-go soil 
nutrient measurements. The rapid response and low sample volumes requirement by the 
multi-sensor ISFET/FIA system make it a strong candidate for use in real-time soil nitrate 
sensing (Birrell and Hummel, 2000). The automation of real-time soil measurement based 
on ISFET sensors requires a rapid and precise soil sampling method. 
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This paper reports on the initial development of an automated pneumatic soil 
sampling method based on pressurized air to sample and transport a consistent mass of soil 
for analysis. A pneumatic system could have some advantages over a mechanical sampling 
system, including simplicity, fast response, digital controllability and accuracy in terms of 
collecting a precise mass of soil. 
Literature Review 
Several soil samplers have been developed by scientists to study not only soil 
properties, such as bulk density, porosity, nutrient content, water content, and organic matter 
content, but also other phenomena such as rooting characteristics of a soil profile, and soil 
classification. The samplers were either hand operated or powered by an energy source. 
Although many different soil collection methods for various soil conditions have been 
developed, most soil samplers are based on a soil coring tube. Several different insertion 
methods to force the tube into the soil have been developed including: manual insertion, 
hammering by weights, hydraulic and other insertion methods (Powel, 1926; Buchele, 1961; 
Karahashi et al., 1987). 
Coring tube samplers operate in a static mode and are not suitable for continuous soil 
sampling. Vertical augers are similar to coring tubes except an auger is used to convey the 
soil sample to the surface (Sneath et al., 1992; Shapiro and Kranz, 1992; Wild et al., 2002). 
Auger samplers can be operated at various depths with less power and can provide an 
accurate sample volume. However, highly cohesive soils including wet clays may not part 
readily from the auger and soils with large stones below the surface could lead to excessive 
damage to the machine (Sneath et al., 1989). These types of samplers are not suitable for 
continuous soil sampling. 
Johnson (1981) invented a continuous soil sampler based on a tine that rotated to 
engage the soil surface and continuously scraped the soil surface, collecting the soil in the 
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internal slots. The sampler consisted of a hydraulic ram, a tine, baffles (initial catch bins), a 
secondary compartment, and a primary compartment (storage unit). To collect soil, the 
sampling device was forced into the sampling position by retracting a hydraulic ram. The 
tine then gouged out soil, which was thrown through an aperture above the tine and fell 
between baffles. The hydraulic ram was then extended, tipping the soil into the secondary 
compartment. When the hydraulic ram was retracted again to collect the next sample, the 
first sample fell from the secondary compartment into the storage unit. When sufficient soil 
had been collected it was transported into a bucket. This system basically operated as a 
discreet sampler since samples were not collected while the tine rotated up for unloading. It 
is unlikely that this soil sampler would work in clay soils, which are either wet or sticky, or 
dry and hard (Sneath et al., 1989). Another tine sampler invented by Behringer (1982) had a 
conveyer system housed in an internal cavity, which continuously cut through the soil. A 
back plate mounted behind the tine and slightly wider than the tine, moved the soil into an 
internal cavity. The conveyor transported the soil sample to the top of the device where the 
samples were collected for analysis. The sampling depth (0-90 cm) was controlled by 
moving the sampling plate, or adjusting the tine for different depths. It was also possible to 
estimate sample volume by monitoring the amount of soil conveyed by the conveyor. 
However, this device also may not be suitable for some soil conditions, particularly clay 
soils. 
Rotating soil samplers are suitable for real-time soil sampling. Sneath et al. (1989) 
described a slotted single disk cutter system where a horizontally-mounted disk was driven 
into the ground and then rotated to obtain samples. A slot in the disk caught the soil sample, 
which was removed later for analysis. This system could be modified for continuous 
sampling. Sneath et al. (1989) outlined a double disk cutter system which was contained 
within two disk openers running side by side to open a slot of several centimeters width in 
the soil. A horizontal ramp with a sharpened edge was placed between the disks at an angle 
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to the soil surface. When the sampler was drawn forward, continuous slices of soil were 
elevated over the ramp and then returned to the ground. A plunger system cut a portion of 
the soil slice at certain intervals. The system could sample soil at a depth of 30 cm below the 
surface. 
Slot cutters employ a moving wheel or a chain that is used to cut a slot in the ground. 
Adsett and Zoerb (1991) tested a slot-cutter sampler based on a chain saw, in combination 
with a real- time nitrate sensing system. The sampler was capable of delivering a soil sample 
in three seconds. The consistency of the sample varied with soil type, forward speed, soil 
compaction, and moisture content. In some tests, the soil being conveyed was not 
completely released from the teeth of the slot cutter chain. Adamchuk et al. (1998) reported 
on the development of an automated soil sampling system for rapid determination of soil pH. 
The system consisted of a lever situated below a soil tine, which collected soil and then 
rotated to press the soil slurry against the surface of a pH electrode. They reported that the 
automated soil sampling system did not supply accurate results when compared to standard 
methods for analysis of soil acidity. 
The mechanical soil samplers discussed either operated in quasi-static or dynamic 
mode and were generally unsuitable for continuous soil sampling due to problems related to 
soil conditions and/or the complexity of the sampling mechanisms and sampling speed 
restrictions. The interaction between the soil and sampler devices caused several problems, 
including inconsistency of soil sample flow and clogging of soil within the sampling unit. 
Unfortunately, no research was reported investigating the effect of soil type and different 
moisture and compaction level, on performance on the accuracy and precision of the mass of 
the sample collected by the samplers. There is need to develop a soil sampling system which 
can operate in various soil types and conditions, to automate real-time soil analysis. 
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Objectives 
An automated soil sampler must meet certain criteria for successful real-time soil 
analysis. First, the sampler must be able to collect a known consistent sample mass or 
volume of soil at a known depth. Secondly, the sampler should be able to obtain a sample 
within 1 to 2 seconds. The sampling period should be small to minimize the time lag 
between obtaining a soil sample and determination of the final measurement result. Finally, 
the sampler should be able to operate in different soil types and conditions (soil moisture 
content, compaction level) and provide continuous sampling. 
The present work focuses on the development of an automated electro-pneumatic 
(EP) soil sampling system. With the EP system, soil is cut and transported by a high pressure 
air pulse through a tube placed within a tine, to convey the soil vertically from a specified 
depth. The sample mass obtained can also be adjusted by varying one of several operational 
parameters including air pulse duration and pressure. This paper reports on initial laboratory 
testing to investigate effectiveness of pressurized air in precise cutting and transportation of 
the soil sample. 
The primary objectives of the study were to develop and investigate the feasibility of 
an electro-pneumatic system as a sampling unit for continuous soil analysis. The specific 
objectives were: 
1) Investigate the effectiveness of positive air pressure as a cutting force through a soil 
column. 
2) Evaluate the effect of air pressure and pulse duration on the quantity of soil sample 
obtained. 
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3) Determine the effects of soil moisture content, soil compaction level, and soil type on 
the quantity of soil sample obtained. 
Equipment 
The laboratory test set up for the pneumatic soil sampling system is shown in figure 
1. A digitally-controlled solenoid valve generated a high-pressure air pulse to cut through 
the soil placed in a 5 cm cylinder, and conveyed the sample along the delivery pipe into the 
container. An Electro-Pneumatic Regulator (EPR) valve (ITV3000 series, SMC, Inc.,) was 
used to regulate system air pressure. The valve was capable of regulating the pressure from 5 
to 900 kPa in proportion to an analog electrical signal. A Basic Stamp Microcontroller 
controlled a two-position solenoid valve (SV) from SMC Corporation (VX22 series; two-
port, direct operated, normally closed) to direct a high-pressure pulse of known duration to 
the soil column. The high-pressure air was applied to the soil column through an annular 
nozzle (figure 1). The annular nozzle directed the air to the outer edges of the nozzle for 
precise and effective cutting of the soil column. 
Methodology and Experimental Design 
The nested experimental design (figure 2) included three soil types (Monona, Clarion, 
and Nicollet), three levels of moisture contents (10, 18, and 26 percent), three levels of 
compaction (low, medium, and high) and three levels of air-pressure (550, 690, and 830 
kPa). Therefore, 81 different treatments were tested, with five replicates of each treatment. 















Air Compressor Electro Pneumatic Regulator 
Solenoid Valve Sampling Container 
Figure 1. Illustration of the test apparatus for pneumatic soil sampling. 
Samples of three representative Iowa soils, namely Monona, Nicollet, and Clarion 
were obtained from the ISU Agronomy Department. The physical properties of the samples 
are shown in Table 1. Three levels of moisture content for all soils were prepared, to 
investigate the effect of moisture level on the response of the amount of soil samples. The 
soil samples were adjusted to 10 percent, 18 percent, and 26 percent moisture content, 
respectively. The 10 percent moisture content is close to permanent wilting point and 26 
percent level is close to field capacity. To obtain the desired moisture content, all soil 
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Pressure Level III 
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Figure 2. Experimental design for the laboratory tests. 
Table 1. Soil physical properties of Monona, Clarion, and Nicollet soils. 
Soil Type Sand (g/kg) Clay (g/kg) Silt (g/kg) 
Monona 580 210 210 
Clarion 384 196 420 
Nicollet 316 254 430 
In order to study soil compaction effects, three different pressures (18.1, 45.3, 87.1 
kN/m2) were applied on the surface of the soil samples within the cylinder (60 s duration). 
Therefore, three compaction levels (low, medium, and high) for each soil and moisture level 
were produced. The bulk density for each treatment was measured and recorded on a dry 
basis. Three levels of air pressure (550, 690, and 830 kPa) were use to determine the effect 
of air pressure on mass of sample obtained. 
The tests were conducted using a randomized complete block experimental design. 
The cylinder was filled with soil and compacted to the desired compaction level. The control 
program provided a single air pulse producing an individual soil sample. The sample was 
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collected in a plastic bag and the mass recorded. This sequence was repeated for all the 
treatments within each replication. 
To determine the significance of each variable involved in the experimental design 
(soil type, pressure, moisture content, and compaction) on the measured soil sample, 
Analysis of Variance were performed using PROC ANOVA (SAS, 1999) for each soil 
individually and repeated for pooled soil data. For the individual soil analysis, air pressure, 
moisture content, and compaction levels were the independent variables with sample mass as 
the response (dependent) variable. In the pooled analysis, soil type was included as an 
independent variable. 
For a real-time nutrient measurement using ion-selective field effect transistors 
(ISFETs), it is important that the soil/extractant ratio be constant, or that this ratio can be 
accurately determined. Any variation in the ratio will be reflected in the calculation of the in 
situ soil nitrate concentration. The amount of soil obtained during the laboratory tests was 
affected by the air pressure and moisture content. If the significance and weight of these 
variables can be determined, this information can be used to correct for their effects. 
Therefore, the PROC REG procedure (SAS, 1999) was used to model the relationship 
between the sample mass and the independent variables (pressure, moisture content, and 
compaction) for each soil type and pooled soil data. All main variables and their interactions 
were included in the final regression model, if they were significant at the 5% level, using a 
backward elimination procedure. 
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Result and Discussion 
The bulk densities for the three compaction levels were measured for all treatments 
(Table 2). As the applied compaction force level increased, corresponding bulk density also 
increased, as would be expected. 
Preliminary tests were conducted to determine the effectiveness of air pressure as a 
cutting force. The minimum pressure required for cutting and transporting the soil sample 
through the soil profile was 100 kPa (15 psi) air pressure for all soil types and conditions 
(data is not shown). Additional tests were performed to determine the minimum pulse 
duration. The pulse duration ranged from 18 ms to 1 s. Longer pulse durations resulted in 
soil erosion and collapse of the soil into the center of the soil anneal whereas at shorter pulse 
duration, the diameter of soil anneal remained constant. 
Table 2. Bulk densities of 3 different compaction level for all treatments. 
Bulk density (g/cm3), dry basis 
Moisture 







10 Monona 1.32 1.35 1.39 
Clarion 1.31 1.36 1.4 
Nicollet 1.36 1.4 1.50 
18 Monona 1.38 1.53 1.61 
Clarion 1.36 1.44 1.64 
Nicollet 1.54 1.62 1.79 
26 Monona 1.15 1.24 1.31 
Clarion 1.16 1.19 1.32 
Nicollet 1.21 1.29 1.34 
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These preliminary trials provided the basis for the selection of the pressure range (550 
to 830 kPa) and pulse duration time (36 ms) for the full experimental tests, conducted to 
investigate the effect and significance of pressure, soil moisture content, soil compaction and 
soil type on the quantity of soil sample obtained. 
The mass of soil transported to the container for a single pulse was measured and 
recorded for all soil conditions. The mean sample mass and standard deviation for all 
treatments studied in this experiment are given in table 3. Mean soil sample mass varied 
from 7.28g to 15.4g for the Monona soil depending on soil moisture content, soil compaction 
level, and air pressure. The standard deviations varied from 0.27 to 1.76 and the coefficient 
of variation (CV) varied from 1.74 to 15.2. For the Clarion soil, the mean soil mass varied 
from 8.4 to 11.8g, with standard deviations of 0.25 to 2.19 and CV's ranging from 2.45 to 
18.6. Similarly, mean soil sample mass varies from 7.36g to 12.8g for Nicollet soil (standard 
deviation of 0.11 to 2.29 and CV of 1.38 to 12.6) depending on soil moisture content, soil 
compaction level, and applied air pressure. 
Analysis of variance was performed to determine significance of each independent 
variable (pressure, moisture content, and compaction) on the sample mass collected for each 
soil type. In all three soils, the effects of moisture content and air pressure level on sample 
mass were highly significant (5% level), while compaction level was not significant. When 
all soil data were pooled, the effects of soil type, air pressure and moisture content on sample 
mass were all highly significant, while compaction was still not significant. 
Table 3. Mean sample mass (g) and standard deviation for all laboratory test treatments. 
Mean sample mass (Standard deviation), g 
Moisture 
Content 
Applied air pressure level I (550 kPa) Applied air pressure level II (690 kPa) Applied air pressure level III (830 kPa) 
Low comp Med comp High comp Low comp Med comp High comp Low comp Med comp High comp 
Monona soil 
10% 13.50 (0.45) 13.80 (1.37) 11.70 (1.06) 12.40 (1.30) 12.70 (1.76) 11.40 (0.36) 14.00 (1.19) 15.40 (0.27) 13.40 (0.83) 
18% 8.42 (0.76) 8.50 (0.56) 7.28 (0.97) 8.44 (1.06) 8.34 (0.32) 8.16 (1.24) 9.14 (0.75) 10.40 (1.33) 9.28 (1.07) 
26% 10.70 (0.74) 10.20 (0.69) 11.90 (1.29) 10.70 (1.04) 10.90 (0.91) 12.50 (1.07) 11.20 (0.61) 12.10 (1.15) 13.00 (1.45) 
Clarion soil 
10% 10.40 (0.87) 9.50 (0.1) 10.30 (0.85) 10.10 (1.06) 9.12 (0.65) 11.80 (2.19) 11.40 (1.78) 11.00 (0.95) 11.50 (1.30) 
18% 9.20 (0.55) 10.00 (1.29) 8.40 (1.01) 10.10 (1.06) 9.12 (0.65) 11.80 (2.19) 10.20 (0.25) 11.00 (0.63) 10.80 (0.56) 
26% 11.30 (0.80) 11.00 (0.91) 9.68 (0.83) 12.80 (0.88) 10.50 (0.69) 10.50 (1.68) 12.20 (0.99) 11.60 (1.20) 11.30 (1.17) 
Nicollet soil 
10% 10.70 (0.79) 10.90 (0.19) 10.40 (0.40) 10.50 (0.41) 12.00 (1.23) 12.80 (2.29) 10.50 (0.73) 13.00 (1.24) 12.30 (0.66) 
18% 8.46 (0.54) 9.46 (1.04) 8.24 (0.11) 8.74 (0.67) 7.36 (0.74) 7.54 (0.63) 9.74 (0.89) 7.88 (0.98) 8.38 (1.01) 
26% 10.00 (0.48) 10.30 (0.62) 10.40 (1.31) 11.10(0.93) 10.50 (1.13) 12.00 (1.21) 10.70 (0.55) 11.00 (0.70) 12.30 (1.61) 
Pooled data 
10% 11.51 (1.60) 11.41 (2.07) 10.79 (0.99) 11.04 (1.39) 11.27 (2.00) 12.02 (1.81) 11.97 (1.94) 13.14 (2.03) 12.37 (1.22) 
18% 10.67 (0.83) 10.49 (0.78) 10.64 (1.43) 11.54 (1.29) 10.64 (0.88) 11.69 (1.52) 11.37 (0.96) 11.57 (1.07) 12.19 (1.50) 
26% 8.69 (0.69) 9.33 (1.14) 7.97 (0.91) 9.11 (1.17) 8.27 (0.93) 9.17 (2.39) 9.69 (0.77) 9.75 (1.68) 9.49 (1.33) 
39 
Effect of Air Pressure on Sample Mass 
Air pressure had a significant effect (a=0.05) on the sample mass for all soil types. 
The mean mass at different air pressures for each soil type and the pooled samples are shown 
in Figure 3. An increase in pressure level yields a corresponding increase in the sample mass 
for all soil types. However, the standard deviations were not greatly affected by air pressure. 
Mean sample mass varied from 9.86g toi 1.99g depending on soil type and pressure level. 
Mean mass of the soil samples for all soils were 10.17, 10.53, and 11.28 with standard 
deviations of 1.67, 1.97, and 1.89 at 550, 690, and 830 kPa, respectively. 
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Figure 3. Air pressure effect on soil sample mass for different soils (45 samples at different 
moisture and compaction levels) and all soils (135 samples). 
Effect of Moisture Content on Sample Mass 
Moisture content also had a significant effect (a=0.05) on the sample mass for all 
soils. The effects of moisture content on the mean sample mass for each soil and all soils are 
shown in Figure 4. There was a significant decrease in the mean soil sample mass with an 
increase in moisture content for Monona and Clarion soils, but not for Nicollet and pooled 
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soil data. Mean sample mass varied from 8.42 g to 13.14 g depending on soil type and 
moisture content level. Mean mass of the soil samples for all soils were 11.73, 11.20, and 
9.05 with standard deviations of 1. 80, 1.27, and 1.41 at 550, 690, and 830 kPa, respectively. 
Although there is a reduction in standard deviations for pooled data as moisture content 
increase however, standard deviations were not greatly affected by moisture content for 
individual soil types. 
During laboratory tests, soil accumulated around the outlet port of the cylinder. 
While the airflow through the orifice cut through the soil column within the cylinder, it also 
pushed some soil around outlet port. The outlet port consisted of a circular orifice in the 
cylinder wall directly opposite air inlet nozzle. The orifice was connected to an outlet tube. 
This soil accumulation reduced the outlet passage area into the collection container and 
reduced the mass of soil samples at high moisture contents. The increased soil accumulation 
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Figure 4. The effect of soil moisture on soil sample mass for different soils (45 samples at 
different pressure and compaction) and all soils (135 samples). 
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Effect of Compaction on Sample Mass 
Surprisingly, compaction did not have a significant effect (a=0.05) on the mass of soil 
samples, for each individual soil and pooled soil data (Figure 5). There is very little 
difference in the mean sample mass at different compaction levels. However, standard 
deviation and coefficient of variance increased slightly as the compaction level increased. 
Mean sample mass varied from 10.05g toi 1.38 g depending on soil type and compaction 
level. Mean mass of the soil samples for all soils were 10.62, 10.61, and 10.70 with standard 
deviations of 1.64, 1.97, and 2.07 at low, medium, and high compaction levels, respectively. 
There is an increase in standard deviations as compaction level increase for pooled soil data 
and for individual soil except Nicollet. 
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Figure 5. The effect of compaction on soil sample mass for different soils (45 samples at 
different pressure and compaction) and all soils (135 samples). 
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Effect of Soil Type on Sample Mass 
When all treatments were pooled, as expected, soil type significantly affected the 
mean sample mass. Monona, the lightest soil which has less clay, had the highest sample 
mass, standard deviation and coefficient of variance (Figure 6). The heaviest soil, Nicollet, 
on the other hand, had the smallest standard deviation and coefficient of variance. This was 
mostly likely a result of soil particle size differences between the light and heavy soils. 
Mean sample masses were 11.69, 10.69, and 10.27 for Monona, Nicollet, and Clarion 
soils respectively. The corresponding standard deviations were 2.28, 1.45, and 1.80 for 
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Figure 6. The effect of soil type on soil sample mass (each soil contains 135 samples at 
different moisture, compaction, and pressure levels). 
Calibration Models for Soil Moisture Correction 
For a real-time nutrient measurement using ion-selective field effect transistors 
(ISFETs), it is important that the soil/extractant ratio be constant, or that this ratio can be 
accurately determined. Any variation in the ratio will be reflected in the calculation of the in 
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situ soil nitrate concentration. If the significance and weight of these variables can be 
determined, this information can be used to correct for their effects. This provides the 
flexibility to maintain a consistent soil/extractant ratio by changing air pressure as soil 
moisture content varied, or more likely using a model to calculate the actual soil/extractant 
ratio under different conditions. Therefore, regression analysis (PROG REG) was used to 
develop models for prediction of sample mass for each soil type at different moisture 
contents, compaction, and pressure levels. 
The models obtained from regression analysis using soil type, moisture content, and 
air pressure as independent variables and sample mass as a response variable given in ( 1 ) for 
the pooled soil data. The models only included independent variables that were significant at 
the 5 % level The calibration equations by soil types obtained from regression analysis are 
also given in (2), (3), and (4) for Monona, Nicollet, and Clarion soil, respectively. 
M = 11.7 - 0.41(5) - 0.17(M) + 0.03 (P) (1) 
M = 12.8 - 0.28(M) + 0.03 (P) (2) 
M = 8.07 - 0.03 (M) + 0.03 (P) (3) 
M = 7.5 + 0.03 (P) (4) 
Where; M: Sample mass (g) 
S: Soil type, 
M: Moisture content (%) 
P: Pressure (kPa), 
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The soil sample mass can be related to soil type, moisture content, and pressure with 
the prediction capability of Root Mean Square Error (RMSE) of 1.45 and coefficient 
variation (R2) of 0.42 for pooled soil data. Sample mass can be related to moisture content 
and pressure for Monona and Clarion using regression analysis by soil type while pressure is 
the only predictor for Nicollet soil. Table 4 shows calibration model parameters for Monona, 
Nicollet, and Clarion soils and pooled soil data. The predictive capability of regression were 
relatively good for Monona (RMSE = 1.255 and R2 = 0.70), and Clarion soils ((RMSE = 1.26 
and R2 = 0.51) while it was very poor for Nicollet soil (RMSE = 1.36 and R2 = 0.12). 
Table 3 Calibration parameters for Monona, Nicollet, Clarion and pooled soil data. 
MEAN OF NUMBER OF 
SOIL TYPE R] RMSE RESPONSE OBSERVATION 
MONONA 0.70 1.25 11.09 135 
NICOLLET 0.12 1.36 10.61 135 
CLARION 0.51 1.26 10.27 135 
POOLED DATA 0.42 L45 10.66 405 
Figure 7 shows the correlation between the estimated soil sample mass using linear 
regression with soil type, moisture content, and pressure as independent variables and the 
actual measured sample mass for all soils. Figure 8, 9, and 10 show the correlation between 
the estimated soil sample mass using linear regression with moisture and pressure as 
independent variables and the actual measured soil sample for Monona, Clarion, Nicollet 
soils, respectively. Moisture content and pressure level provide a good prediction of mass of 
soil sample for all soils except the Nicollet soil. The high clay content of the Nicollet soil 
(clay/sand ratio of 0.80) may have affected soil sample mass prediction. The Monona soil 
has a wider range in mass of soil sample comparing to other two soils. 
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The coefficients of determination (R ) reported above are for individual treatment 
replications. If treatment means, instead of individual replications are used, R2 values 
increase to 0.84, 0.81 and 0.89 for Monona, Clarion and pooled soil data, respectively. 
However, R2 for Nicollet soil was not substantially changed. 
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Figure 7. The measured versus predicted soil sample mass for all soils 
(405 samples). 
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Figure 10. The measured versus predicted soil sample mass for Clarion soil (135 samples). 
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The regression analysis showed that moisture content, and pressure could be used to 
predict the expected sample mass. This provides the flexibility to maintain a consistent 
soil/extractant ratio by changing air pressure as soil moisture content varied, or more likely 
using the regression analysis to calculate the actual soil/extractant ratio under different 
conditions. Moisture content and pressure level provide a fairly good prediction of sample 
mass for all soils except the Nicollet soil which had a highest clay/sand ratio. However, 
having low RMSE of prediction and the lowest range in mean sample mass for all treatment 
for the Nicollet soil suggest that variability in sample mass was random and was not 
dependent on moisture content. Therefore, there is no adjustment necessary for moisture 
content to maintain a consistent sample mass for Nicollet. The Monona soil had the widest 
sample mass. For Monona and Clarion, It is possible to make some correction for moisture 
content based on the information from linear regression analysis. 
Conclusions 
An automated electro-pneumatic soil sampling method (EP) utilizing pressurized air 
for sample collection for real time soil analysis was developed and tested in a laboratory 
setting. Preliminary laboratory results suggest that pressurized air was effective in cutting 
and transporting soil samples for all soils studied in this experiment. In laboratory tests, the 
EP method was capable of obtaining a relatively consistent soil sample mass regardless of 
soil type and compaction level at fixed moisture contents. The electro-pneumatic soil 
sampling system was capable of obtaining a soil sample within 36 ms with a coefficient of 
variation of less than 30% for all treatments in the experimental design. The effects of soil 
type, moisture content, and applied air pressure on the mass of sample collected were highly 
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significant (a=0.05), while the effect of compaction was not significant. The regression 
results showed that moisture content and pressure level provided a fairly good prediction of 
the sample mass and correction factors are possible to account for different soil moisture 
contents. The electro-pneumatic soil sampling method has the potential to be used in a real­
time soil nutrient analysis system. 
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CHAPTER 4. DEVELOPMENT OF A REAL-TIME 
ELECTRO-PNEUMATIC SOIL SAMPLER 
A paper is to submitted to the Transactions of the American Society of Agricultural 
Engineers (ASAE) 
S. Yildirim, S.J. Birrell, J.W. Hummel 
ABSTRACT 
A Real-Time Electro-Pneumatic Sampler (REPS) utilizing pressurized air for sample 
collection for real time soil analysis was designed, built and tested under dynamic conditions. 
An electro-pneumatic regulator was used to regulate the air pressure at 345, 552, and 758 kPa 
using an analog signal. A two-position solenoid valve controlled by a control program via a 
data acquisition board was used to control pulse duration. Soil bin tests were conducted to 
determine the effect of soil moisture content, air pressure, and pulse duration speed on soil 
sample mass collected. The accuracy and precision of sampling was investigated at two 
different travel speeds. In soil bin tests, the REPS was capable of obtaining consistent soil 
sample in a short time (at 30, 50, and 70 ms pulse duration) with a coefficient of variation of 
less than 27 % for all treatments except the low pressure (345 kpa) treatment. Travel speed, 
soil moisture content, pressure, and pulse duration are all significant (a=0.05) factors on soil 
sample mass. Pressure, pulse duration, and travel speed provide a good prediction of sample 
mass (RMSE=0.61 and R2 = 0.86). The REPS could be a strong candidate for real-time soil 
sensing system. 
Keywords: Soil sampling, real-time soil sampler, soil sensing, precision agriculture 
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Introduction 
Soil nitrate measurement is an important concept to optimize agricultural production 
and to decrease environmental impact due to excessive fertilization. Therefore, development 
of nitrate sensors to determine variability within a field is important for precision agriculture. 
Automated soil sensing systems can provide much higher sampling intensities than 
traditional methods and can tolerate much higher analysis errors while providing greater 
overall accuracy in mapping soil variability. The cost of soil nutrient sampling could also be 
decreased. 
This requires automated systems that will collect important soil, crop, and pest data. 
Nitrate ion selective field effect transistors (ISFETs) have shown promise as a convenient 
and fast method for on-the-go soil nutrient measurements. The rapid response and low 
sample volumes requirement by the multi-sensor ISFET/FIA system make it a strong 
candidate for use in real time soil nitrate sensing (Birrell and Hummel, 2000). The 
automation of real time soil measurement based on ISFET sensors requires a rapid and 
precise soil sampling method. 
Literature Review 
Several different types of soil samplers have been developed by scientists for real 
time soil sample collection. Tube type coring samplers are static samplers and not suitable 
for dynamic sampling. Vertical augers are similar to coring tubes except an auger is used to 
convey the soil sample to the surface (Shapiro and Kranz, 1992, Wild et al., 2002). Vertical 
auger soil sampling system can be fully mechanized and no handling of the soil sample is 
required. The vehicle can stop quickly, take the sample, and than move to the next sampling 
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site. These samplers can obtain accurate soil volume measurement because the core is taken 
intact. However, highly cohesive soils including wet clays may not part readily from the 
auger and soils with large stones below the surface could lead to excessive damage to the 
machine (Sneath et al., 1989). These types of samplers are not suitable for continuous soil 
sampling. 
Behringer (1982) invented a tine sampler which had a conveyer system housed in an 
internal cavity. The internal cavity continuously cut through the soil. A back plate mounted 
behind the tine and slightly wider than the tine, moved the soil into an internal cavity. The 
conveyor transported the soil sample to the top of the device where the samples were 
collected for analysis. However, this device may not be suitable for some soil conditions, 
particularly in clay soils. Adsett and Zoerb (1991) tested a slot-cutter sampler based on a 
chain saw, in combination with a real- time nitrate sensing system. The sampler was capable 
of delivering a soil sample in three seconds. The consistency of the sample varied with soil 
type, forward speed, soil compaction, and moisture content. In some tests, the soil being 
conveyed was not completely released from the teeth of the slot cutter chain. 
The mechanical soil samplers discussed above are not well-suitable for continuous 
soil sample collection. Unfortunately, there is no real-time soil sampler reported so far that 
can operate in various soil types and conditions, particularly different moisture content and 
compaction levels. There are no reports research investigating the effect of soil type and 
different moisture and compaction level, on performance on the accuracy and precision of the 
mass of the sample collected by the samplers. There is need to develop a soil sampling 
system, which can operate in various soil types and conditions, in order to automate real-time 
soil analysis. This paper reports on the development of a Real-Time Electro-Pneumatic Soil 
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Sampler to sample and transport a consistent mass of soil for analysis. A pneumatic system 
could have some advantages over a mechanical sampling system, including simplicity, fast 
response, digital controllability and accuracy in terms of collecting a precise mass of soil. 
The prior laboratory study proved that the Electro-Pneumatic Soil Sampling (EP) 
system was a viable soil sampling concept under static test conditions. This study focuses on 
the development and testing of a soil sampler system that was capable of obtaining a soil 
sample during dynamic operations. This required that the EP System be integrated with a 
prototype soil sampling shank, to develop the complete Real-Time Electro Pneumatic Soil 
Sampling System (REPS). The collection of a known mass of soil, to maintain a constant 
repeatable soil/extractant ratio, is critical to the success of the complete nitrate analysis 
system. This was the critical design criteria in the development of the REPS. The successful 
development of a real-time soil nitrate sensing system would provide much greater accuracy 
in mapping soil variability, due to the higher sampling intensity and reduction of sampling 
error associated traditional testing methods. After development, of the REPS system was 
tested during preliminary field tests and the performance evaluated in a soil bin. The REPS 
would make sampling fast, reliable and accurate. 
Objectives 
The main objective of this study was to develop a Real-Time Electro-Pneumatic 
Sampler (REPS) and to prove that the sampling system would work successfully under 
dynamic conditions. The prior study had shown that under static conditions, soil moisture 
content, pulse duration and air pressure all had significant effects on the soil sample mass, 
whereas soil compaction did not have a significant effect. Pulse duration and pressure are 
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two important operational parameters which can be used to control the soil sample mass. 
The specific objectives were: 
1) Design and construct a prototype of the sampling shank. 
2) Optimize the operational parameters of the REPS, including nozzle orifice size, 
sample cutting distance (SCD), and pulse duration. 
3) Investigate the effect of travel speed, soil moisture content, pulse duration, and 
applied air pressure on sample mass and sampling accuracy. 
Equipment 
A shank as a soil-sampling arm was designed and constructed from cold rolled steel 
(Figure 11). The detailed drawing of the sampling shank is given in Appendix I. The shank 
was designed such that considering the following could minimize soil-bridging effect: 
• Shank profile was chosen to be triangle shape in order to overcome or reduce soil-
bridging effect. 
• The width of the shank profile was also minimized in order to reduce soil 
resistance. 
• 5° angle was given between the horizontal plane and the knife surface (both) 
contacting soil column in order to have easy passage and prevent soil clogging. 
• Sample cutting distance (SCD) was designed to prevent soil bridging. 
To form a complete Real-Time Soil Sampler (REPS), sampling arm was integrated 
with the electro-pneumatic soil sampling system. The soil bin test set up for the REPS is 
shown in figure 12. The REPS included the same basic equipment as in laboratory tests, 
except the cylinder was replaced by the shank. 
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Orifices -
Figure 11. Soil Sampling Shank 
A digitally-controlled solenoid valve generated a high-pressure air pulse to cut the soil 
through the slot cutter, and conveyed the sample along the delivery pipe into the container. 
An Electro-Pneumatic Regulator (EPR) valve (ITV3000 series, SMC, Inc.,) was used to 
regulate system air pressure. The valve was capable of regulating the pressure from 5 to 900 
kPa in proportion to an analog electrical signal. A labview program controlled a two-
position solenoid valve (SV) from SMC Corporation (VX22 series; two-port, direct operated, 
normally closed) to direct a high-pressure pulse of known duration to the soil column. A 
desktop computer was used to coordinate the operation of the soil sampling. All these 
components in the system were controlled by the labview program via a data acquisition 
board (AT- MIO-16E-1Q, National Inst.). 
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Figure 12. Illustration of the REPS in a soil bin operation. 
For the preliminary field tests, the shank was attached to a toolbar with a standard 
tractor three-point hitch system. The rest of the set up was placed on top of an experimental 
platform fixed on the same bar. The sample cutting distance (SCD) was adjusted by the 
attachment of spacers between the cutting edges and vertical bar. During the field test, an 
operator on the seat monitored the operation of the system and collected samples in a plastic 
bag, which were weighted and recorded for evaluation. 
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Methodology and Experimental Design 
The prior laboratory study showed that soil moisture content, pulse duration and air 
pressure had a significant effect on sample mass. In addition, the travel speed could 
significantly affect the sampling accuracy and performance of the REPS. It was important to 
determine the effects and significances of these factors on the sample mass. The first tests 
were preliminary field tests for optimization of the operational parameters associated with the 
REPS. The second test conducted in a soil bin, investigated the effects of pulse duration, 
pressure, speed, and soil moisture content on sample mass and performance of the REPS, 
under dynamic operation. 
A preliminary field test was carried out in order to optimize SCD, annular nozzle 
orifice diameter and pulse duration in a cultivated field. The nested experimental design 
(Figure 13) for the preliminary field trials included two pulse durations (36 ms and 72 ms), 
two different SCD (5 cm and 3 cm), 2 different size nozzle orifices (5 mm and 8 mm) and 2 
different speeds (2.5 and 5 km/h). Therefore, 16 different treatments were tested, with five 
replicates of each treatment. 
After the preliminary field tests conducted, soil bin tests were performed to 
investigate the effects of pulse duration, pressure, moisture content, and travel speed on soil 
sample mass of soil sample obtained. For the soil bin tests, 3 different pulse durations (30, 
50, 70 ms), 3 different pressure levels (345, 552, and 758 kPa), and 2 different speeds (0.6 
and 2.4 km/h), and 3 level of moisture contents (10, 13, and 15% MC) were included in the 
experimental design (Figure 14). Therefore, 54 different treatments were tested, with five 
replicates of each treatment. 
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The investigation of soil moisture content on sample mass was conducted over a 4 
day interval, with each block of moisture content tests conducted on a different day. The 
nominal moisture content level of the soil bin was adjusted by adding known amount of 
water to the soil, which was initially dry. After addition of the water on the soil surface, the 
soil was reconditioned using a roto-tiller. The first moisture content tests were conducted 
one day later. The actual moisture content level for each day (moisture level) was 
determined by averaging three samples taken from the sampling depth during the test. The 
standard gravimetric soil moisture tests were used to determine actual soil moisture. The 



















Figure 13. Experimental design of preliminary field tests. 
The control program was set to provide a single air pulse providing an individual soil 
sample, which was collected in a plastic bag and the mass recorded. This was repeated for all 
the treatments within each repetition. The performance of REPS in obtaining a soil sample 
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from one particular depth (10-15 cm) and the transportation capability of pneumatic system 
were then evaluated in terms mass of soil per sample for different soil moisture contents, 
pulse durations, air pressure levels and travel speed. 
Pulse 1 
(30 tti 5 l 




Figure 14. Experimental design of soil bin test. 
Analysis of Variance were performed using PROC ANOVA (SAS, 1999) to 
determine the significance of pulse duration, air pressure, travel speed, and moisture content 
on the measured soil sample, for each moisture level individually and then repeated for 
pooled moisture data. For the individual moisture analysis, pulse duration, air pressure, 
travel speed were the independent variables with sample mass as response (dependent) 
variable. In the pooled analysis, moisture level was included as an independent variable. 
For a real-time nutrient measurement using ion-selective field effect transistors 
(ISFETs), it is important that the soil/extractant ratio be constant, or that this ratio can be 
accurately determined. Any variation in the ratio will be reflected in the calculation of the in 
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situ soil nitrate concentration. The amount of soil obtained during the soil bin tests was 
affected mostly by the air pressure, pulse duration, moisture content. If the significance and 
weight of these variables can be determined, this information can be used to correct for their 
effects. Therefore, the PROC REG procedure (SAS, 1999) was used to model relationship 
between the sample mass and the independent variables (pulse duration, air pressure, and 
travel speed) for each moisture level and pooled moisture data. All main variables and their 
interactions were included in the final regression model if they were significant at the 5% 
level, using a backward elimination procedure. 
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Results and Discussion 
Preliminary field tests were carried out in order to optimize SCD, nozzle orifice 
diameter and pulse duration in cultivated soil at different travel speeds. The best operational 
parameters were found to be the 5 mm orifice diameter, 3 cm SCD, and a 36 ms pulse 
duration. Although in the prior laboratory test the annular nozzle provided precise cutting of 
the soil column, the nozzle did not provide the necessary air flow to carry the sample up to 
the surface under field conditions. The pressurized air pulse was able to cut and elevate soil 
up to a certain height. However, as soon as pulse duration ended the soil fell back 
accumulating in the transportation tube, and finally caused soil clogging. Therefore, the 
annular nozzle was discarded and the previous valve replaced by a new valve with faster 
response time (5 ms). The new valve was placed inside the shank close to soil column. Air 
flow was applied directly to soil column at the valve output. 36 ms pulse duration was 
adequate to obtain and transport the soil sample up inside the sampler holder and chosen to 
be the optimum pulse duration. 72 ms pulse duration was eliminated because more soil was 
cut, pushed and elevated up inside the transportation tube at this pulse duration. 5 cm SCD 
was immediately disregarded because the amount of soil was not consistent within 5 
replicate. Therefore, the 3 cm SCD was chosen to be the best for field test. 8 mm nozzle was 
eliminated because it carried more soil through the transportation line causing soil clogging 
and not yielding any soil. 
The mean soil samples obtained with 36 and 72 ms pulse duration in this experiment 
are given in table 5. The preliminary field trials provided the basis for the selection of the 
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Table 5. Mean samples mass obtained with 5 mm orifice and 3 cm SCD. 
Pulse Mean sam pie mass, g 
duration 2.5 km/h 5 km/h 
(ms) Mean (Std dev) Mean (Std dev) 
36 3.02(1.77) 2.35(1.17) 
72 5.60 (1.83) 9.93(1.72) 
pressure range (345 to 758 kPa) and pulse duration time (30 to 70 ms) for the soil bin tests, 
conducted to investigate the effect and significance of pressure, pulse duration, soil moisture 
content, and travel speed on the quantity of soil sample obtained, under dynamic conditions. 
The mass of soil transported to the container for a single pulse was measured and recorded 
for all moisture levels. The mean sample mass and standard deviation for all treatments 
studied in this experiment are given in table 6. Mean soil sample mass varied from 0.17g to 
5.4 g for the 10 % moisture content depending on pulse duration, air pressure, and travel 
speed. The standard deviations varied from 0.09 to 0.93 and the coefficient of variation (CV) 
varied from 4.95 % to 49.86 %. For the 13.3 %, the mean soil mass varied from 0.04 to 5.35 
g, with standard deviations of 0.04 to 1.35 g and CV's ranging from 2.92 % to 83.6 %. 
Similarly, mean soil sample mass varies from 0.46g to 5.63g for 15.3 % moisture content 
with standard deviations of 0.06 to 0.66 and CV of 5.7 to 74.66 depending on pulse duration 
and applied air pressure. Mean sample mass increased with increasing pressure, and pulse 
duration for all treatments. The mean sample mass and corresponding coefficients of 
variation for all treatments are shown in figure 15 and figure 16, respectively. The low 
pressure (345 kPa) and low pulse duration (30 ms) yielded very little soil ranging from 0.04 
to 0.46 g for all moisture levels. Consequently, this resulted in very high coefficients of 
variation ranging from 37.25 to 83.16 % for this particular treatment combination. 
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Table 6. Mean sample mass, and standard deviation for tests at 2 different speed, 3 
moisture content levels, 2 pulse duration, and 3 pressure levels for the soil bin tests. 
Pulse 
(ms) 
Mean Sample Mass, g 
Pressure 10% MC 
(kPa) Mean(Std dev) 
13.3 % MC 15.3 % MC Pooled moisture 
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Figure 16. Coefficients of variation for all treatment in the experimental design for pooled 
moisture data. 
Analysis of variance was performed to determine significance pulse duration, air pressure, 
and travel speed on the sample mass collected for each moisture level. In low and medium 
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moisture levels, the effects of pulse duration, air pressure, and travel speed on sample mass 
were highly significant (5% level). In high moisture level, pulse duration and air pressure 
were highly significant while travel speed was not significant. When all moisture data were 
pooled, the effects of pulse duration, pressure, moisture and travel speed on sample mass 
were all highly significant. 
The Effect of Pressure on Sample Mass 
Air pressure had a significant effect (a=0.05) on the sample mass for all moisture 
level. The mean mass at different air pressures for each soil type and the pooled samples are 
shown in Figure 17. An increase in pressure level yields a corresponding increase in the 
sample mass for all moisture level. Mean sample mass varied from 1.15 g to 3.73g 
depending on moisture and pressure levels. Mean mass of the soil samples for pooled 
moisture data were 1.93, 2.66, and 3.59 g at 345, 552, and 758 kPa, respectively. 
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Figure 17. Air Pressure effect on sample mass for different moisture levels (n=30) and all 
moisture levels (n=90). 
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The Effect of Pulse Duration on Sample Mass 
Pulse duration also had a significant effect (a=0.05) on the sample mass for all 
moisture levels. The effects of pulse duration on the mean sample mass for each moisture 
level and pooled moisture data are shown in Figure 18. There was a significant increase in 
the mean soil sample mass with an increase in pulse duration for each moisture level and 
pooled moisture data. Mean sample mass varied from 1.26 g to 3.97 g depending on 
moisture level and pulse duration. Mean mass of soil samples for pooled moisture were 1.20, 
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Figure 18. Pulse duration effect on sample mass for different moisture levels (n=30) and all 
moisture levels (n=90). 
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The Effect of Travel Speed on Sample Mass 
The effect of travel speed on sample mass was significant (a=0.05) for low and 
medium moisture level while it was not significant for high moisture level. For pooled 
moisture data, the effect of travel speed on sample mass was significant. However, the 
magnitude of its contribution was relatively small (Figure 19). The ranges of the travel speed 
(0.4 to 2.4 km/h) were limited by the operation constraints of the soil bin. However, even 
over the reduced ranges of travel speed attained in these tests, the effect of speed on sample 
mass was significant. At the low and medium moisture content levels, an increase in speed 
resulted in an increase in sample mass, while at the higher moisture contents, an increase in 
speed resulted in decreases in sample mass. 
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Figure 19. Travel speed effect on sample mass for different moisture levels (45 samples at 
different pressure and pulse duration). 
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The Effect of Moisture Content on Sample Mass 
Moisture Content was also significant (a=0.05) factor on sample mass for all moisture 
level and pooled moisture data. However, the magnitude of its contributions was much 
smaller. The range of the moisture contents (9 to 16 %) was also limited by the operation 
constraints of the soil bin. An attempt to increase soil moisture content up to 25 percent 
which is close to field capacity was unsuccessful. Soil field capacity depends on soil texture, 
compaction level, and water table level. Since there was no water table in soil bin, water 
added to the soil surface drained downward. However, even over the reduced ranges of 
moisture content level attained in these tests, the effects on sample mass were significant. As 
moisture level increased, sample mass decreased slightly (Figure 20). At the low speed, 
mean sample mass dropped down from 2.77 to 2.24 g as moisture level increased from 10 to 
15.3 %. At the high speed, mean sample mass dropped down from 2.77 to 2.24 g as moisture 
level increased from 10 % to 15.3 %. 
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Figure 20. Moisture effect on sample mass for different travel speed (45 samples at 
different pressure and pulse duration). 
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Calibration Models for Soil Moisture Correction 
For a real-time nutrient measurement using ion-selective field effect transistors 
(ISFETs), it is important that the soil/extractant ratio be constant, or that this ratio can be 
accurately determined. Any variation in the ratio will be reflected in the calculation of the in 
situ soil nitrate concentration. If the significance and weight of these variables can be 
determined, this information can be used to correct for their effects. This provides the 
flexibility to maintain a consistent soil/extractant ratio by changing air pressure and/or pulse 
duration as soil moisture content varied, or more likely using a model to calculate the actual 
soil/extractant ratio under different conditions. Therefore, regression analysis (PROG REG) 
was used to develop models for prediction of sample mass for each moisture level and pooled 
moisture data at different pulse duration, pressure, and travel speed levels. 
The models obtained from regression analysis using pulse duration, air pressure, and 
travel speed as independent variables and sample mass as a response variable given in ( 1 ) for 
the pooled moisture data. The models only included independent variables that were 
significant at the 5 % level. The models by moisture level obtained from regression analysis 
are also given in (2), (3), and (4) for low, medium, and high moisture levels, respectively. 
M = - 2.87 + 0.04(Pr) + 0.06 (/>) - 0.33(V,) - 0.07(MJ 
M = - 3.56 + 0.04 (Pr ) + 0.06 (P, ) - 0.35 (Vt ) 
M = - 3.45 + 0.04 (Pr) +0.06 (P,)- 0.68(V,) 






Where; M: Sample mass (g), 
Pr: Pressure (kPa), 
P/: Pulse duration (ms), 
V,: Travel speed, km/h 
Mc: Moisture content (%) 
The soil sample mass can be related to pressure, pulse duration, soil moisture content, 
and travel speed with the prediction capability of Root Mean Square Error (RMSE) of 0.61 
and coefficient variation (R2) of 0.86 for pooled moisture data. Sample mass can be related 
to pressure, pulse duration, and travel speed for low and medium moisture content levels 
using regression analysis by soil type while pressure and pulse duration are the only predictor 
for high moisture content level. Table 7 shows calibration model parameters for low, 
medium, and high moisture content levels and pooled soil data. The predictive capability of 
regression were relatively good for low (RMSE = 0.56 and R2 = 0.87), medium (RMSE = 
0.62 and R2 = 0.86), and high soil moisture contents (RMSE = 0.70 and R2 = 0.82). 
Table 7. Model parameters for low, medium, high and pooled moisture data. 
MOISTURE MEAN OF NUMBER OF 
CONTENT (%) R2 RMSE RESPONSE OBSERVATION 
LOW 0.87 0.56 2.63 90 
MEDIUM 0.86 0.62 2.53 90 
HIGH 0.82 0.70 2.25 90 
POOLED DATA 0.86 0.61 2.47 270 
Figure 21 shows the correlation between the estimated soil sample mass using linear 
regression for pooled moisture data. Figure 22, 23, and 24 show the correlation between the 
estimated soil sample and the measured soil sample for low, medium, and high moisture 
levels, respectively. Pressure, pulse duration, and travel speed provide a good prediction of 
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sample mass for low (10%) and medium (13.3%) moisture content levels while only pressure 
and pulse duration provide a good prediction for the high moisture (15.3%) content level. 
The coefficients of determination (R2) reported above are for individual treatment 
replications. If treatment means, instead of individual replications are used, R2 values 
increase to 0.96, 0.95 and 0.93 for low, medium, high moisture content level, and pooled 
moisture data, respectively. 
The PROC REG procedure showed that moisture content, pressure, pulse duration, 
and travel speed could be used to predict the expected sample mass. This provides the 
flexibility to maintain a consistent soil/extractant ratio by changing air pressure and/or pulse 
duration as soil moisture content varied, or more likely using the regression analysis to 
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Figure 21. The correlation between measured and predicted sample mass for all moisture 
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Figure 22. The correlation between measured and predicted sample mass for low moisture 
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Figure 23. The correlation between measured and predicted sample mass for medium 
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Figure 23. The correlation between measured and predicted sample mass for high moisture 
level treatment (90 samples) 
Conclusions 
A real-time electro-pneumatic soil sampler utilizing pressurized air for sample collection 
for real time soil analysis was developed and tested. The SCD and annular nozzle orifice 
diameter associated with the REPS were critical parameters for the success of the REPS and 
these parameters were optimized during the preliminary field tests. The optimal operational 
settings were 5 mm nozzle orifices with a 3 cm SCD. Soil bin test was conducted in order to 
determine performance of the REPS under dynamic conditions. In soil bin tests, the REPS 
was capable of obtaining a relatively consistent soil sample regardless of pressure, pulse 
duration and moisture level in a short time (less than 70 ms) with a coefficient of variation of 
less than 27 % for all treatments except the low pressure (345 kPa) conditions in the 
experimental design. ANOVA results showed that the effects of soil moisture content, travel 
speed, pulse duration and air pressure had a significant effect on sample mass (a=0.05). The 
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regression analysis suggested that it is possible to predict the relative effects of the different 
variables, with a coefficient of determination of 0.86 and RMSE of 0.61. Pulse duration and 
pressure had the greatest effect on sample mass. The REPS has the potential to be used in a 
real-time soil nutrient analysis system. 
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SUMMARY AND RECOMMENDATIONS 
An Automated Electro-Pneumatic Soil Sampling (EP) method based on pressurized 
air for real time soil analysis was developed and tested in laboratory conditions. Pressurized 
air was applied for 36 milliseconds across a 3 cm diameter cylinder to cut a soil column and 
convey soil along a delivery pipe into a container. An electro-pneumatic regulator valve was 
used to regulate the air pressure at 550, 690, and 830 kPa using an analog electrical signal. A 
two-position solenoid valve controlled by a stand-alone microprocessor was used to control 
pulse duration. The effects of air pressure level, soil moisture content, soil compaction, and 
soil type on the quantity of soil sample obtained were investigated. Moisture content and 
pressure level were found to be the most significant factors, while compaction was not 
significant in terms of mass of soil obtained. Laboratory test results showed that pressurized 
air was effective in cutting and transporting soil sample for all different soils and different 
soil conditions studied in the experiment. The EP method was also capable of obtaining a 
consistent amount of soil sample in a short time period (36 ms) with a coefficient of variation 
of less than 30 %. A shank as soil sampling arm was designed and constructed. The EP 
system was integrated with the prototype of soil sampling shank to develop a complete Real-
Time Electro Pneumatic Soil Sampling System (REPS). 
The performance of the REPS system was tested during preliminary field tests, and 
the performance was evaluated in a soil bin. The effects of traveling speed, soil moisture 
content, and pulse duration and pressure level on the amount of soil sample collected were 
investigated. All the factors in the experimental design were found to be highly significant 
(a=0.05) on the amount of soil sample obtained. The amount of sample were predicted with 
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a high correlation coefficient (R2 = 0.86). Sampling speed and precision would make the 
REPS be a strong candidate for real-time soil nutrient sensing system. Further performance 
tests of the REPS in broad range of soil type, soil compaction, and particularly soil moisture 





Appendix 1: The Dimensions of the Soil Sampling Shank. 
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Appendix 2: Anova Tables 
Table 4.1 ANOVA results of pooled soil data for the laboratory tests. 
The ANOVA Procedure 
Class Level information 
Class Levels values 
Soil type 3 12 3 
Moisture 3 10 18 26 
Pressure 3 550 690 830 
Compaction 3 18106 45265 87184 
Number of observations 405 
Dependent variable: SAMPLE MASS 
The ANOVA Procedure 
Source DF 
Sum of 
Squares Mean Square F value Pr > F 
Model 80 1108.445778 13. 855572 12.79 <.0001 
Error 324 350.892000 1. 083000 


















Soi 1type*Compacti on 
Moisture*Compaction 




Soi 1*Moi s*Pres*Compa 
OF Anova SS Mean Square F value pr > F 
2 46 .1979259 23, .0989630 21. ,33 <.0001 
2 541. 4520000 270, .7260000 249. 98 <.0001 
4 185. 3336296 46, .3334074 42. 78 <.0001 
2 87. 2988148 43. 6494074 40. 30 <.0001 
4 15 .5099259 3. 8774815 3. 58 0.0071 
4 6 .0678519 1. 5169630 1. 40 0.2335 
8 25 .3682963 3. 1710370 2. 93 0.0036 
2 0 .4617778 0. 2308889 0, .21 0.8081 
4 16. 3229630 4. 0807407 3. 77 0.0052 
4 14. 1857778 3. 5464444 3. 27 0.0119 
8 90. 6237037 11. 3279630 10. 46 <.0001 
4 32. 5118519 8. 1279630 7. 51 <.0001 
8 10. 8078519 1. 3509815 1. 25 0.2707 
8 13, 0917037 1. ,6364630 1. 51 0.1522 
16 23, 2117037 1. 4507315 1. 34 0.1710 
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Table 4.2 ANOVA results of Monona soil for the laboratory tests. 
The ANOVA Procedure 
Class Level Information 
Class Levels values 
Soil type 1 1 
Moisture 3 10 18 26 
Pressure 3 80 100 120 
Compaction 3 18106 45265 87184 
Number of observations 135 
The ANOVA Procedure 
Dependent variable: SAMPLE MASS 
Source DF 
Sum of 
Squares Mean Square F value Pr > F 
Model 26 587. 1960000 22.5844615 21.87 <.0001 
Error 108 111. 5480000 1.0328519 
corrected Total 134 698, ,7440000 
R-Square coeff var Root MSE Mass Mean 
0.840359 9.161297 1.016293 11.09333 
Source DF Anova ss Mean Square F value Pr > F 
Moisture 2 460 .8831111 230. 4415556 223. 11 <.0001 
pressure 2 54 .4413333 27. 2206667 26. 35 <.0001 
Moi sture*Pressure 4 9. 2848889 2. 3212222 2. 25 0.0687 
Compaction 2 5. 4617778 2. 7308889 2. 64 0.0757 
Moi sture*Compaction 4 46 .5324444 11. 6331111 11. 26 <.0001 
Pressure*Compaction 4 9 .2355556 2. 3088889 2. ,24 0.0699 
Moi stu*Pressu*Compac 8 1 .3568889 0 .  1696111 0 .  16 0.9950 
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Table 4.3. ANOVA results of Nicollet soil for the laboratory tests. 
The ANOVA Procedure 
Class Level Information 
Class Levels Values 




10 18 26 
80 100 120 
18106 45265 87184 
Number of observations 135 
The ANOVA Procedure 
Dependent Variable: SAMPLE MASS 
Source DF 
Sum of 
Squares Mean Square F value Pr > F 
Model 26 142. 4743704 5.4797835 4.26 <.0001 
Error 108 138. 9560000 1.2866296 














Moi stu re*Compacti on 
Pressure*Compaction 
Moi stu*Pressu*Compac 
DF Anova SS Mean Square F value Pr > F 
2 28. 91570370 14. 45785185 11.24 <,  .0001 
2 34. 85792593 17. 42896296 13.55 .0001 
4 3, .37674074 0. 84418519 0.66 0. 6238 
2 7. 00992593 3. 50496296 2.72 0. ,0701 
4 28. ,04340741 7. 01085185 5.45 0. ,0005 
4 26. 30785185 6. 57696296 5.11 0. ,0008 
8 13. 96281481 1. 74535185 1.36 0. ,2239 
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Table 4.4. ANOVA results of Clarion soil for the laboratory tests. 
The ANOVA Procedure 
class Level Information 
Class Levels values 
Soil type 1 3 
Moisture 3 10 18 26 
Pressure 3 80 100 120 
Compaction 3 18106 45265 87184 
Number of observations 135 
The ANOVA Procedure 

































DF Anova SS Mean Square F value Pr > F 
2 236.9868148 118.4934074 127.48 <.0001 
2 13.5094815 6.7547407 7.27 0.0011 
4 18.7745185 4.6936296 5.05 0.0009 
2 4.3130370 2.1565185 2.32 0.1031 
4 30.2336296 7.5584074 8.13 <.0001 
4 7.7762963 1.9440741 2.09 0.0869 
8 20.9837037 2.6229630 2.82 0.0070 
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Table 4.5. ANOVA results of pooled moisture data for the soil bin tests. 
The ANOVA Procedure 












10 13.3 15.32 
0.4 1.2 
30 50 70 
50 80 110 
Number of observations 270 
Dependent variable: SAMPLE MASS 
The ANOVA Procedure 
Source DF 
Sum of 
Squares Mean Square F value Pr > F 
Model 53 638. 9961974 12.0565320 56.05 <.0001 
Error 216 46. 4632400 0.2151076 









Source DF Anova SS Mean Square F Value Pr > F 
MC 2 6 .8630430 3. 4315215 15, .95 < .0001 
SPEED 1 4 .7441633 4, .7441633 22 .05 .0001 
MC*SPEED 2 3 .5661867 1. ,7830933 8. 29 0, .0003 
PULSE 2 308 .1418319 154. 0709159 716. 25 <, .0001 
MC*PULSE 4 0 .9289659 0. ,2322415 1. 08 0. 3675 
SPEED*PULSE 2 2 .3499356 1. 1749678 5. 46 0, .0049 
MC*SPEED*PULSE 4 2 .0818444 0. ,5204611 2. 42 0. 0495 
PRESSURE 2 261 .8672763 130. ,9336381 608. 69 <, .0001 
MC*PRESSURE 4 2 .7768681 0. 6942170 3. 23 0. 0134 
SPEED*PRESSURE 2 5 .7394956 2. ,8697478 13. 34 <, .0001 
MC*SPEED*PRESSURE 4 1 .3694711 0. 3423678 1. 59 0, .1776 
PULSE*PRESSURE 4 12 .0103193 3. ,0025798 13. 96 <, .0001 
MC*PULSE*PRESSURE 8 9. 4412030 1. 1801504 5. 49 < ,0001 
SPEED*PULSE*PRESSURE 4 7. ,6539756 1. 9134939 8. ,90 <. ,0001 
MC*SPEED* PULSE* PRESS 8 9, 4616178 1. 1827022 5. ,50 < .0001 
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Table 4.6. ANOVA results of low moisture (10 %) level for the soil bin tests. 
The ANOVA Procedure 
Class Level Information 
Class Levels Values 
MC 1 10 
SPEED 2 0.4 1.2 
PULSE 3 30 50 70 
PRESSURE 3 50 80 110 
Number of observations 90 
The ANOVA Procedure 
Dependent variable: SAMPLE MASS 
Sum of 
Source DF Squares Mean Square F Value Pr > F 
Model 17 207.9395256 12.2317368 93.43 <.0001 
Error 72 9.4266400 0.1309256 
Corrected Total 89 217.3661656 
R-Square coeff var Root MSE MASS Mean 
0.956632 13.77491 0. 361836 2.626778 
Source DF Anova SS Mean Square F value Pr > F 
SPEED 1 1.72225000 1.72225000 13.15 0.0005 
PULSE 2 97.79894889 48.89947444 373.49 <.0001 
SPEED*PULSE 2 1.70100667 0.85050333 6.50 0.0025 
PRESSURE 2 94.57760222 47.28880111 361.19 <.0001 
SPEED*PRESSURE 2 0.97778000 0.48889000 3.73 0.0286 
PULSE*PRESSURE 4 6.23140444 1.55785111 11.90 <.0001 
SPEED*PULSE*PRESSURE 4 4.93053333 1.23263333 9.41 <.0001 
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Table 4.7. ANOVA results of medium moisture (13.3 %) level for the soil bin tests. 
The ANOVA Procedure 
Class Level Information 
Class Levels values 
MC 1 13.3 
SPEED 2 0.4 1.2 
PULSE 3 30 50 70 
PRESSURE 3 50 80 110 
Number of observations 90 
The ANOVA Procedure 
Dependent variable: SAMPLE MASS 
Source DF 
Sum of 
Squares Mean Square F value Pr > F 
Model 17 213.5184189 12.5599070 51.38 <.0001 
Error 72 17.6017200 0.2444683 
Corrected Total 89 231.1201389 
R-Square Coeff var Root MSE MASS Mean 
0.923842 19.57307 0. 494437 2.526111 












































Table 4.8. ANOVA results of high moisture (15.3 %) level for the soil bin tests. 
The ANOVA Procedure 
Class Level Information 
Class Levels values 
MC 1 15.32 
SPEED 2 0.4 1.2 
PULSE 3 30 50 70 
PRESSURE 3 50 80 110 







Number of observations 






















Pr > F 
<.0001 
Source DF Anova SS Mean Square F value Pr > F 
SPEED 1 0.0108900 0.0108900 0.04 0.8414 
PULSE 2 114.2656467 57.1328233 211.66 <.0001 
SPEED*PULSE 2 2.0826067 1.0413033 3.86 0.0256 
PRESSURE 2 73.7449400 36.8724700 136.60 <.0001 
SPEED*PRESSURE 2 3.9837267 1.9918633 7.38 0.0012 
PULSE*PRESSURE 4 8.2862333 2.0715583 7.67 <.0001 
SPEED*PUISE*PRESSURE 4 8.3011667 2.0752917 7.69 <.0001 
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